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Abstract
Nowadays optoelectronic devices are ubiquitous for illumination purposes, in telecom-
munication and displays. For a long time, the development for these devices was
driven by inorganic semiconductors, later organic semiconductors contributed, as
well. Recently concepts have been developed to combine both complementary ma-
terial classes to exploit the specific advantages of each one. For the hybridization,
the properties of the materials, especially the electronic structure, have to match
very well. In this work the optimization of ladder-type p-phenylenes towards spec-
tral overlap and energy level alignment with ZnO, vacuum-processability, inertness,
as well as layer formation is described. In terms of molecular design the different
properties are addressed by site-selective functionalization of the methylene bridges
with alkyl, aryl, and fluoro groups. The final products are characterized regarding
their optical properties by absorption and fluorescence, their electrochemical prop-
erties, as well as their solid-state structure by single crystal X-ray diffraction. Apart
from that, a large part of the work is devoted to investigations of the photochemical
degradation of fluorene-type structures. New insights are gained into the mechanism
of degradation, as well as the origin of the green emission in ladder-type structures
The dependence of the rate of degradation is described semi-quantitatively with
respect to the substitution pattern. By that, different reaction mechanisms for dif-




In der heutigen Zeit sind optoelektronische Bauelemente allgegenwärtig. Sie finden
Anwendung für Beleuchtungszwecke, in Anzeigen und für die Telekommunikation.
Die Entwicklung dieser Anwendungen wurde lange Zeit von anorganischen Halb-
leitern getragen, in jüngerer Vergangenheit auch von der organischen Elektronik.
Neuerdings werden verstärkt Konzepte entwickelt, um die spezifischen Vorteile der
jeweiligen komplementären Materialklassen auszunutzen. Für diese Hybridisier-
ung müssen die Eigenschaften der verschiedenen Materialien, insbesondere die elek-
tronische Struktur, genau auf einander abgestimmt sein. In dieser Arbeit wer-
den Leiter-para-phenylene auf spektrale Überlagerung und angepasste Orbitalen-
ergien mit ZnO, auf chemische Inertheit und auf die Bildung von dünnen Schichten
über vakuumbasierte Verarbeitungsmethoden optimiert. Dazu konzentriert sich der
synthetische Gesichtspunkt auf die selektive Funktionalisierung der verschiedenen
Methylenbrücken mit Alkyl-, Aryl- und Fluorsubstituenten. Die finalen Stufen wer-
den bezüglich ihrer optischen Eigenschaften mittels Absorption und Fluoreszenz,
bezüglich ihrer elektrochemischen Eigenschaften und bezüglich ihrer Festkörper-
struktur mittels Röntgenstrukturanalyse von Einkristallen charakterisiert. Außer-
dem widmet sich ein erheblicher Teil dieser Arbeit der Erforschung des photochemi-
schen Abbaus von fluorenbasierten Strukturen. Es werden neue Erkenntnisse zum
Abbaumechanismus und der Ursache der grünen Emission gewonnen. Weiterhin wer-
den die Abbauraten von Fluorenstrukturen mit verschiedenen Brückensubstituenten
verglichen. Dabei konnten auch verschiedene Reaktionsprodukte und Mechanismen
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In the present-day world people are surrounded by a large variety of technical de-
vices. In many of them light is used or produced, normally by the aid of electrical
energy. For example lots of gadgets, such as mobile phones, laptops, tablets, among
others, are operated via illuminated, colored displays. In addition, fiber optics are
important for telecommunication and huge amounts of energy are consumed for il-
lumination purposes. In all these examples the interaction of light and matter is the
central issue. So a better understanding of the underlying processes, as well as the
development of new concepts for optoelectronic devices, are key steps to construct
devices with better performance, higher efficiency and enhanced sustainability. A
novel concept for electroluminescence or solar energy conversion is the use of hybrid
devices consisting partly of inorganic, partly of organic semiconductors, which are
excitonically coupled to achieve energy transfer and exploit the specific advantages
of both material classes.
In this work, the optimization of blue/UV organic emitters for the application in
hybrid inorganic-organic devices employing energy transfer by dipolar coupling is
described. In the following chapters, tuning of the character and energy of opti-
cal transitions, the photochemical degradation of the employed class of compounds,
tuning of the frontier orbital energy levels, as well as optimization of the processabil-
ity are discussed. Finally, some initial examples of application in hybrid structures
are given. This chapter gives a broad overview about organic electronics, potential
application of hybrid devices and the physical background thereof. Detailed intro-
ductions that relate more closely to the respective topics are given in the beginning
of each chapter.
1.1 Light and Matter
There have been lots of debates over hundreds of years about the nature of light and
how to explain all the effects associated with light. To give an overview about today’s
understanding of light, it is worth look 150 years into the past. In 1865, Maxwell’s
paper "A Dynamical Theory of the Electromagnetic Field" was published. One of
its important outcomes is, to explain the propagation of light by electromagnetic
phenomena. As a result, it was shown, that hypothetical electromagnetic waves
have the properties of polarized light. They are propagating approximately with
the speed of light and they are transverse waves. Although this is not a proof, it
seemed reasonable to describe light in terms of electromagnetic waves.[1] However,
there was no experimental proof at the time, that electromagnetic waves can prop-
agate through space (or through luminiferous aether). The key experiments to give
this proof were reported by Hertz in 1888. He showed, that electrodynamic trans-
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verse waves are existing (in air) and that their velocity is comparable to the speed
of light.[2]
Although Hertz could explain the emission of electromagnetic radiation by an
oscillating electric dipole in terms of Maxwell’s theory, some issues concerning the
creation and transformation of light – or the interaction of light and matter – still
remained an issue, as later mainly emphasized by Einstein.[3] One of the main
problems was the black-body radiation. A black body is absorbing all incident
electromagnetic radiation of any wavelength. The question to be solved was to find
a function that describes the spectral energy density of the radiation emitted by
a system of that kind. One of the first attempts was the Stefan-Boltzmann law,
which stated that the integrated energy density is proportional to the temperature
by the power of four. Wien could then proof, that the spectral energy density
is given by u(T, ν) = ν3f(T/ν), in which T is the absolute temperature and ν
the frequency. In order to find a proper function f , Planck employed Maxwell’s
laws on a charged harmonic oscillator being in equilibrium with the surrounding





Here, E(T, ν) is the mean energy of the oscillator, which can be considered to be in








(R being the gas constant and N being the Avogadro constant). However, there is
one problem with these expressions: Integration over all frequencies ν would give
infinite energy density for the radiation. This is also known as ’ultraviolet catas-
trophe’. Due to improved accuracy of the measurements, it was additionally shown
that these laws are not valid for lower frequencies. Therefore Planck introduced,










a and b being constants. This distribution reproduced experimental data well, but
at that point it was only empirical. For the theoretical description, he used (I)
again and derived E(T, ν) via the entropy of the oscillator. Therefore, he used
Boltzmann’s statistical definition of entropy. But in order to do that, the oscillators
may only release radiation energy in discrete multiples of a basic unit, although he
still claimed that this has rather formal reasons than physical meaning. At that
time mainly Einstein was arguing for the quantization of light. Besides the quanti-
zation of the oscillator energies and ’ultraviolet catastrophe’, he found several other
arguments: If Planck’s law is a representation of (I), the Avogadro constant can be
determined from a, b, R, and c. Indeed, the found value was relatively precise for
that time. Furthermore, he claimed, that the entropy of (gas) particles in a system
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behaves similar to the entropy of radiation in a system (according to Wien’s law)
upon volume change and that the energy of the quanta of radiation is Raν/N (hν in
today’s notation). Furthermore he applied the hypothesis of quantization to explain
photoemission with Stokes-shift and the photoelectric effect.[3, 4]
After this rather historic introduction of the beginning of today’s models of light,
the development of quantum theory will not be discussed further here. But some
essential terms and models about the interaction of light and matter will be intro-
duced. Nowadays, it is well accepted that light has both particle and wave character.
A quantum of electromagnetic radiation is called photon and has the energy




with h being Planck’s constant, c the speed of light and λ the wavelength.1 If a
photon interacts with an electron, the photon may be absorbed and an electronic
transition may occur. The probability of electronic transition may be described
with the Einstein coefficients. Assuming a two-level system described by the wave
functions Ψ1 and Ψ2 and the corresponding energy levels E1 and E2 (E1 < E2), three
processes can occur: Absorption, stimulated emission and spontaneous emission,
which are characterized by the Einstein coefficients B12, B21, and A21, respectively.
The rate of absorption is is proportional to the product of B12 and the energy density





with M being the dipole moment operator, ⟨Ψ1|M|Ψ2⟩ is the transition dipole mo-
ment and ℏ = h/2π. From B12 the oscillator strength f can be calculated as follows





This relation closes the gap between theory and experiment, since f is proportional
to the integral of the absorption band. If the system is in thermal equilibrium, it
can further be shown by employing Planck’s radiation law and Boltzmann’s law





This implies on the one hand, that also the rate of emission is proportional to the os-
cillator strength, and, on the other hand that under ’typical’ experimental (relatively
low radiation density) conditions, emission in the UV/visible region is dominated
by spontaneous emission.[5, 6]
At this point, the focus will shift to matter and the processes mediating its in-
teraction with light. Once a photon is absorbed, it can create an exciton in the
1In contrast to the equations above, from here on a modern notation is used.
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Figure 1.1. Jablonski diagram representing the processes of absorption, emission
and some nonradiative transitions and the corresponding rate constants. IC: internal
conversion, ISC: inter system crossing, S0: electronic ground state, S1, S2: lowest
and second excited singlet state, T1 lowest triplet state.
material. An exciton is a quasiparticle, consisting of a bound electron hole pair,
which can move though the material. There are two limiting cases to describe the
exciton. The first one is the Wannier-Mott exciton. It is the typical case for in-
organic semiconductors. Due to the large dielectric constant of the material, the
Coulomb interaction between electron and hole is weak. Thus the binding energy is
low and the binding radius is large. Since at room temperature the binding energy
is typically smaller than kbT , electron and hole dissociate fast and form free charge
carriers. The other case is the Frenkel exciton, which is mainly found in organic ma-
terials. Here, the dielectric constant is much smaller and the Coulomb interaction is
stronger. The binding radius is smaller and the exciton binding energy is normally
much larger than kbT .[7]
If a molecule is in the electronically excited state, there is a number of processes
that can occur. Some are depicted in Figure 1.1 (photoreactions, electron transfer
processes and intermolecular processes are omitted here). Absorption of a photon
proceeds in about 10−15 s from the lowest vibrational state S0 (the thermal energy at
room temperature is normally too low to excite molecular vibrations) to vibrationally
excited S1 and higher electronic states according to the Franck-Condon principle.
This gives rise to the characteristic shape of absorption spectra, for example different
intensities of different vibronic peaks, if they are resolved. From there, vibrational
relaxation to the lowest vibrational level of the electronically excited states happens
quickly. From S2 to S1 or from higher excited states, internal conversion (IC) is
efficient, which is a non-radiative transition between two electronic states. From S1
to S0 IC is normally less efficient because of the larger energy gap. Hence, typically
molecules relax to the vibrational level 0 of S1 and from that point other processes
can compete with IC. One of these processes is fluorescence, which is a radiative
4
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transition between states of the same spin. Although the 0-0 transition of absorption
and fluorescence is the same, according to the the Jablonski diagram, the emission is
redshifted because to relaxation/reorganisation in the excited state. According the
the Franck-Condon principle, fluorescence does also populate vibrationally excited
states of S0. The energy difference between the maximum of the first absorption
band and the maximum of the fluorescence spectrum is called Stokes shift. Fur-
thermore, inter system crossing (ISC) can occur from S1, populating the triplet T1.
The radiative transition between T1 (or other states with a spin different from S0)
and S0 is called phosphorescence. In solution at room temperature, phosphorescence
can usually not compete with further ISC and non-radiative relaxation. As depicted
in figure 1.1, all the processes described above are associated with rate constants







For spontaneous emission, the evolution of the concentration of excited molecules
[1A*] from the initial concentration [1A*]0 follows an exponential decay:























Any electronic device has an inherent demand for charge transport by conductive
materials. Initially, this was accomplished by metals or inorganic semiconductors.
On the contrary, organic materials are typically employed as insulating materials. Of
course, this is related to the fact, that most organic materials are indeed insulators
and the processability of plastics is better than that of ceramic insulators. But this
perspective changed dramatically with the discovery of conducting polymers. The
first famous example is poly-acetylene2. When thin films of poly-acetylene were first
treated with ammonia to eliminate defect-related conductivity and were afterwards
doped with electron acceptors, such as halogens or AsF5 an increase in conductivity
of 11 orders of magnitude was achieved. Upon increasing the amount of dopant,
an insulator-to-metal transition was observed. Later it was also shown, that high
conductivity can also be achieved with the electron donating dopant sodium naph-
thalide and that the conductivity of those materials is electronic.[8–10] Although the
ability for charge transport is essential, the important application of semiconductors
is located in active devices to modulate conductivity or to absorb or emit light.
From that point onwards, many promises have been made about future devices and
applications of organic electronics. But one should keep in mind, that the primary
aim of research in this field in not to replace inorganic semiconductors in their estab-
lished applications. Instead, it is an objective to find new or alternative applications
based on the specific advantages of organic electronics, which rather stand out for
low-end products. For example many products of consumer electronics have a short
life cycle today. So there is no need for long lasting devices, but demands for low-cost
fabrication in large scale are rising. Especially the issue of abundant raw materials
and simple strategies for disposal speak for that material class. Organic electronic
devices can be produced in thin film on plastic foil from hydrocarbon materials.
On the one hand, the amount of spent material is small in that case, on the other
hand, most hydrocarbon materials do not exhaust scarce resources. Furthermore,
the materials can be processed at low temperature from solution, which reduces
both costs and energy consumption compared classical semiconductors. Related to
the materials and processing techniques, it is possible to produce flexible large area
devices for photovoltaics or illumination, which might even be applied as a coat-
ing of products. Based on the specific advantages of organic semiconductors, three
typical basic devices are very common: cells for organic photovoltaics (OPV), the
organic field effect transistor (OFET) (resp. organic thin film transistor (OTFT)s),
and the organic light emitting diode (OLED). Deduced from the latter two, thin
film displays up to the size of a TV screen are being produced and commercially
available.[11–16]
2The development of conductive polymers by Alan J. Heeger, Alan G. MacDiarmid, and
Hideki Shirakawa was rewarded with the Nobel price in chemistry 2000. See: "The Nobel




1.2.1 Introduction to (Inorganic) Semiconductors
Commonly, inorganic semiconductors are crystalline materials, thus the basic the-
ories describing them are also related to an ordered, crystalline state. In the ideal
case, they are treated as an infinite periodic lattice. The electronic structure of semi-
conductors is described by energy bands. Two of the most common models about
the formation of energy bands are the nearly free electron model and the tight bind-
ing model. The first one expands the established model of the uniform electron gas,
which gives a parabolic potential in the momentum space (energy E vs. wave vector
k⃗), and adds a periodic potential in real space, representing the atomic nuclei in a
lattice. The perturbation of the electrons by the periodic potential leads to energy
discontinuities, which are known as band gaps. The tight-binding model considers
atomic orbitals and the overlap to the nearest neighbors. Solutions are periodic
curves in E vs. k⃗ that depend on the properties of the atomic orbital, the lattice
constant and the strength of the interaction. In real semiconductors, the minimum
of the conduction band may have the same position in k-space as the valence band
maximum, giving a direct band gap and a direct semiconductor. If this is not the
case, the material has an indirect band gap.[17]
Semiconductors are categorized in intrinsic and extrinsic semiconductors. Intrin-
sic semiconductors possess latent charge carriers (i. e. electrons from the valence
band), which can be excited by thermal energy to generate free charge carriers. The
density of electrons in the conduction band (and of holes in the valence band, re-
spectively) can be calculated from the product of the density of states in the bands
and the Fermi-function, which gives the energy distribution of electrons and holes.
Extrinsic semiconductors are generated by the introduction of small amounts of
electron donors or acceptors into the material. This creates some density of states
in the band gap. Either donor levels are introduced slightly below the conduction
band (n-type materials) or acceptor levels slightly above the valence band (p-type).
The density of charge carriers can again be calculated from the product of den-
sity of states and a modified Fermi-function. From that, the conductivity σ of the
semiconductor can be calculated, which is a product of (free) charge carrier density,
charge carrier mobility µ and elementary charge. The charge carrier mobility is
defined as the quotient of the drift velocity and the electric field µ = vd/E and it
is proportional to the relaxation time τ , which is a decay constant for the decay of
current, after an electric field is removed. There are two main reasons for the de-
cay, which are thermal motion of the lattice atoms and impurities of the material.[18]
The optical properties of semiconductors are governed by several different mech-
anisms for absorption and emission. In the case of fundamental absorption, an
electron is directly excited from the valence band to the conduction band. In semi-
conductors with a direct gap this occurs without a change of the momentum of the
electron. For indirect gap absorption, an additional phonon has to be absorbed or
emitted, to ensure momentum conservation. In the first case onset of absorption
with increasing energy is steeper than for the latter case. Examples for additional
mechanisms of absorption are exciton absorption (electron and hole do not disso-
ciate), free carrier absorption (electrons or holes absorb energy within their band),
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interband absorption (transitions between two conduction or valence bands), or ab-
sorption at impurity centers (defects). Emission of light occurs due to radiative
recombination of an electron and a hole. The rate of this process is approximately
proportional to the densities of electrons and holes and the absorption coefficient.
Accordingly, direct gap materials can also be efficient emitters, indirect materials,
such as silicon, are rather not emissive. However, in some cases impurities acting as
recombination centers can lead to emissive recombination.[19]
1.2.2 Materials and Processing Techniques
Organic semiconductors are carbon based π-conjugated materials. Depending on
the application they are optimized for a certain function, for example transport of
charge carriers, emission or absorption of light. The band gap (or the distance from
the highest occupied molecular orbital (HOMO) to lowest unoccupied molecular
orbital (LUMO)), the absorption coefficient, the photoluminescence (PL) quantum
yield or the charge carrier mobility are important parameters for applicability. But
also the absolute position of the bands or energy levels plays an important role con-
cerning charge or energy transfer at the interfaces of different materials. From the
practical point of view, the materials are separated into two classes: Low molecular
weight materials and polymers. While the low molecular weight materials can in
principle both be processed from the gas phase and solution, polymers can only be
processed from solution.
For thin film growth of small molecules on surfaces from the gas phase, organic
molecular beam deposition (OMBD) and organic vapor phase deposition (OVPD)
are the most prominent techniques. OMBD is carried out in ultra high vacuum
(UHV) to ensure sufficiently low evaporation temperatures and long mean free path.
The molecules are evaporated from evaporation cells, which are heated to tempera-
tures of up to 400 ◦C, depending on the thermal stability and vapor pressure of the
molecules. Typically the evaporation temperature is also kept below the melting
temperature of the organic compounds. In OVPD the source material is evaporated
into a stream of inert carrier gas, which is widened towards the substrate. The pres-
sure of the carrier gas is kept slightly below 1 mbar. All the parts of the apparatus,
that are in contact with the stream of gas need to be heated to prevent the molecules
from deposition on the walls. The substrate is cooled. The flow of the molecules can
be regulated by the gas flow, furthermore precise mixing of different compounds is
possible. The main advantage in comparison to OMBD are the ability to coat large
areas homogeneously and that a large fraction of the source molecules is deposited
to the substrate.[20]
Solution based processing covers a large variety of techniques ranging from very
simple laboratory scale methods such as drop casting or spin coating to industri-
ally applied large-area coating and printing techniques. This section will not give
an overview about all different techniques, but some examples for state-of-the-art
technology. For fast, large area coatings on flexible substrates, roll-to-roll processing
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is desirable. There is a certain number of coating techniques that are employed in
roll-to-roll processing or are at least compatible. The techniques for one-dimensional
large area coatings are slot-die coating, knife-coating, and spray coating. In knife-
coating the ink is supplied in front of a knife, which is placed very close to the
substrate. As the substrate is moved, a homogeneous film is formed behind the
knife. Slot-die coating works quite similar, but here the ink is pumped through a
slot. This gives more control of the process. In spray coating the ink is, optionally
supported by pressurized gas, sprayed though nozzles onto the moving substrate.
Printing techniques, which are commonly used are gravure printing, flexographic
printing, screen printing, and inkjet printing. While for the first three techniques
physical printing forms need to be manufactured, for inkjet printing this is not the
case. Patterning is achieved by the use of pixels. A droplet of ink is deposited on
each pixel or not, which is referred to as drop-on-demand. The droplets are pro-
duced in a nozzle with a piezo actuator. Although the technique is very adaptive in
terms of changing the pattern, the formulation of the ink is relatively demanding. In
screen printing the ink is forced through a pre-patterned grid, which may either be
done step-wise in flat screen printing or continuously in rotary screen printing. In
flexographic printing the ink is transferred from the higher areas of the soft printing
cylinder to the substrate, similar to stamping. Gravure printing is used for high
processing speed and high output. Here, the ink is transferred from cavities of the
printing cylinder to the substrate.
For the production of OPV devices, slot-die coating is commonly employed in roll-
to-roll processing, but also screen printing and flexographic printing. For OTFTs
gravure, inkjet and screen printing have been employed, but mainly not in roll-to-
roll processing. OLEDs and electrochromic (EC) devices have been produced by all
the above mentioned techniques, but in most of the cases not in roll-to-roll.[21]
The method of processing is also strongly connected to materials, which are used
for the fabrication of a device. This is not only related to the solubility of a mate-
rial in the processing solvent, but the processing has an impact on the morphology
of the layers in a device. For example the material can be crystalline or amor-
phous, or semi-crystalline, there might be mixing or de-mixing phenomena. Since
the morphology determines the solid state properties, the techniques and conditions
of material processing may influence the performance of a device as much as the
intrinsic properties of the chemical species.[22, 23]
Small molecules for semiconductor devices, theoretically promise better purity
and higher quality (single) crystalline materials. However, from a practical point of
view, which involves processing to commercial devices, the development is behind
that of polymeric materials. The morphology problem (i. e. the dependence of the
material’s electronic properties on the processing) is more serious for small molecule
semiconductors. The electronic structure of the material is governed by the one of
the single molecule, most importantly by the frontier energy levels, the π and π∗
level. When the molecules are oriented in a periodic lattice and and the π orbitals
are overlapping to some extent, a band structure can be formed with a conduction
band originating from the LUMO and a valence band originating from the HOMO.
The energy dispersion is of course strongly dependent on the crystal structure. For
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single component crystals this behavior can for example be observed at planar aro-
matic molecules with few or no side groups, such as pentacene. Another strategy to
form conducting materials, is the co-crystallization of organic donors and acceptors
to form charge transfer complexes. This approach can give materials with metallic
behavior and high conductivity, as shown for tetracyanoquinodimethane (TCNQ)
and tetrathiafulvalene (TTF), for example. Due to their transport properties, small
molecules have been applied in OFETs, but their application as emitter in electro-
luminescent devices or absorbing material in OPV devices is more common. [24]
The variety of materials is huge and will not be discussed, here. For some examples
of monomer aromatic systems and aryl, alkenyl, alkynyl and mixed oligomers see
e.g.[25].
When differentiating between small molecules and conjugated polymers there is
one characteristic feature about polymers: they are normally – via covalent bond-
ing – one dimensional periodic systems consisting of numerous repetitions of the
monomer unit. This could in theory enforce a band structure. However, in terms
of 3D structure, conjugated polymers do not form a perfect lattice. Normally, the
structures are to some extent kinked, twisted or bent and double bonds are partly
localized. This gives rise to finite conjugation and therefore to extended molecular
orbitals instead of real bands. Even in structurally perfect polymers, there is a lim-
ited extend of conjugation. This behavior can be studied regarding the optical or
electronic properties upon increasing oligomer size. When the optical gap E(n) (n
being the number of repeat units) is plotted against the inverse number of repeat
units, there is a nearly linear relationship for a small number of repeat units. For
larger systems the optical gap is converging to a certain value. The actual behavior
of the optical gap can better be described using a converging e-function:
E(n) = E∞ + (E1 − E∞) · e−a(n−1) (1.9)
E∞ is the optical gap for a polymer of infinite length, and E1 for the monomer. The
parameter a is a measure of, how fast the optical gap converges and ∆E = E1−E∞
is a measure for the effect of conjugation, which depend on the particular polymer.
From that, the effective conjugation length (ECL) can be defined, which is reached,
when n is sufficiently large, so that E∞ is nearly approached.[26]
In general, polymers are preferred for solution based processing techniques, since
they tend to form thin films easily. This relates to their ability of glass forma-
tion and thus easier control over the morphology is reached, although crystalline
domains may also be wanted on polymeric materials. If the glass transition tem-
perature is sufficiently high, the thin film morphology is also expected to be stable.
The variety of conjugated polymers is at least as high as for small molecule semi-
conductors. Apart from poly-acetylene, which lacks processability, some prominent
examples are poly-para-phenylene (PPP) derivatives (including polyfluorenes and
ladder-type poly(para-phenylene) (LPPP)), poly-para-phenylene-vinylene, polythio-




In this section, some devices commonly made from organic semiconductors are intro-
duced, concerning their device structure, physical principles of operation and their
requirements for the materials. The three device types presented here are OFETs,
OPV devices, and OLEDs.
1.2.3.1 Organic Field Effect Transistors
The first solid-state OFET was reported by A. Tsumura, H. Koezuka, and T. Ando
in 1986. It consisted of gold electrodes (source and drain), a SiO2 insulation layer
and polythiophene, which was prepared electrochemically from bithiohene, as semi-
conductor.[30]
The typical design of OFETs is that of a metal insulator semiconductor (MIS) field
effect transistor (FET) (see figure 1.2). The semiconducting layer is situated be-
tween two metal electrodes. This part of the structure is isolated from the metal
gate electrode by a thin layer of a dielectric. In combination with a support mate-
rial, there are several different possible arrangements for these components.
When a voltage is applied between the semiconductor and the gate electrode, charges
are generated at the interface of the semiconductor and the dielectric. By varying
the voltage, the number of charge carriers and thereby the conductivity between
source and drain can be adjusted. Conventional silicon FETs are operated in the
inversion mode. By differently doped areas, there is for example a p-n-p junction be-
tween the source and drain contacts, by applying an electric field, the n-region gets
inverted near the dielectric and the device becomes conductive. OFETs are normally
operated in the accumulation mode with intrinsic semiconductors. This means, that
positive charge carriers are accumulated at the interface of the semiconductor to the
dielectric and form a conducting channel, when a negative voltage is applied to the
gate, or the other way around. An important parameter characterizing FETs is the




with VDS = const. (1.10)
It characterizes the response of the device on changing the gate-source voltage VGS
with ID being the drain current and VDS being the drain-source voltage. The
transconductance can also be calculated from the charge carrier mobility of the
semiconductor, the device dimensions, VDS and the gate dielectric capacitance.[23,
31]
Figure 1.2. Schematic structure of a MISFET. S: source electrode, D: drain




There are several different concepts about including organic materials as active com-
ponents in solar cells. Here, the main focus will be on all-organic solid state devices
with a p-n heterojunction. Before discussing the different device types and their spe-
cific advantages, the processes (see figure 1.3) taking place during device operation
will be discussed. The first process is the absorption of a photon ((A) in figure 1.3).In
this context it is one of the advantages of organic π-conjugated materials compared
to inorganic semiconductors, that their absorption bands are intense and broad, and
they can be tuned relatively easy to match the solar spectrum. After absorption of
a photon, the system relaxes thermally to a minimum of the first exited state and
an exciton is formed. In contrast to inorganic semiconductors the exciton-binding
energy is relatively high and thus at room temperature no free charge carriers are
formed. In the next step the excitons need to move to the donor-acceptor interface
to dissociate before they decay ((B) in figure 1.3.). Since excitons are not charged,
they are not affected by an electric field. Thus they diffuse by random hopping
via Förster or Dexter type coupling. Important factors governing the efficiency of
this process are the exciton diffusion length and the lifetime of the exciton. Once
Figure 1.3. Energy level diagram for an organic donor-acceptor solar cell with
heterojunction displaying the basic physical processes of operation of the device.
(A) Absorption of a photon and creation of an electron hole pair followed by thermal
relaxation and formation of an exciton with the energy of the optical gap (denoted
by the ellipses), (B) diffusion of the excitons to the donor-acceptor interface, (C)
exciton dissociation, electrons (e-) remain in the acceptor LUMO and holes (h+) in
the donor HOMO, (D) transport of the charges to the electrodes. VOC : open circuit
voltage, EA: electron affinity, IP: ionization potential.
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an exciton reaches the donor-acceptor interface, it can dissociate into free charge
carriers if its energy is higher than that of the final state ((C) in figure 1.3).
Although the charge separation at the interface is not yet fully understood, there
are some important states and processes to be mentioned. When one of the charge
carriers crosses the interface, the electron is situated at the LUMO of the acceptor
and the hole is at the HOMO of the donor, but they are still bound by Coulomb
forces. This is referred to as the charge transfer (CT) state, which has excess ther-
mal energy. Depending on the rate constants, this state can dissociate to the charge
separated (CS) state or relax thermally to the lowest CT state, which is also lower
than the CS state. This state can either be dissociated or it can be deactivated by
charge recombination, which is a loss channel. Finally, the free charges can drift to
the electrodes ((D) in figure 1.3). This can be understood by radical ions hopping
from site to site.
The performance of a solar cell can be described by a number of parameters. The
first one is the open circuit voltage VOC , which is related to the difference between
the electron affinity (EA) of the acceptor and the ionization potential (IP) of the
donor. The short circuit current density JSC is the maximum current per unit area
under standardized illumination conditions. Vmax and Jmax are the voltage and cur-
rent density of maximum output power of the cell. The power conversion efficiency








Pinc is the incident power density and the fill factor FF is the fraction of actual
power output Vmax · Jmax related to the hypothetical power output at rectangular
current-voltage characteristics VOC · JSC .
The device structure of solid sate OPV usually consists of a transparent glass
or plastic substrate, a transparent conducting electrode, for example indium tin ox-
ide (ITO), some organic layers and metal back electrodes. In figure 1.4 a) a two-layer
device with planar heterojunction is shown. In these devices, the thickness of the
organic layer plays a crucial role. On the one hand, it should be sufficiently thick
to absorb the majority of the incident light, on the other hand the thickness of the
layers is limited by the exciton diffusion length, because in thick layers losses via
recombination of excitons are significant. For most organic materials this issue is not
Figure 1.4. Typical device structures of OPV cells. a) Planar heterojunction, b)
mixed donor-acceptor layer, c) bulk heterojunction.
13
1 Introduction
solved sufficiently well for this devices type. To overcome the issue, devices with a
non-planar heterojunction were developed. Donor and acceptor material are mixed,
forming an interpenetrating phase-separated network. Thereby the average distance
to the donor-acceptor interface is independent of the thickness of the organic layer.
The fabrication can be carried out by co-deposition, leading to mixed interlayer de-
vices (figure 1.4 b) or bulk heterojunction devices (figure 1.4 c). However, for these
devices the extraction of charge carriers may become a problem.[32]
A concept to overcome some limitations of the above mentioned device types is the
employment of organic tandem- or multijunction solar cells. Tandem cells consist
of a stack of two or more planar heterojunction cells that are usually connected in
series via a recombination zone. In that way, not only more light can be absorbed, as
compared to a device with a single organic layer, but also high-energy photons can
be converted more efficiently by the use of materials with a wider band gap. Due
to the series connection, the output voltage of the device is higher and the current
lower, which reduces resistive losses. However, the subcells must match very well in
terms of absorption and output current, which requires very precise manufacturing
of the different layers.[33]
A very different concept from the above mentioned examples are dye-sensitized solar
cells, which became well-known with a paper by Grätzel.[34] The so-called Grätzel
cells can be considered as hybrid devices. TiO2 nanostructures are coated with a
dye. Upon absorption of a photon, the dye transfers an electron to the inorganic
material, which is responsible for the charge transport. The oxidized dye gets re-
reduced by an electrolyte in solution. In later designs, the electrolyte solution was
replaced by polymeric organic hole transporting materials to fabricate all-solid state
devices.[35, 36]
1.2.3.3 Light Emitting Devices
Inorganic LEDs The usage of light to generate electricity was described in the
prior section. When the process is reverted, light can be generated, which is known
as electroluminescence. The most prominent electroluminescent device is the light
emitting diode (LED). In a very simple case a LED consists of a p-n-junction, just
like a normal diode. Applying an appropriate voltage results in a current through
the device, giving rise to recombination of holes and electrons in the vicinity of
the p-n-junction. If this recombination is radiative to some extent, the device can
emit light. Of course the efficiency of emission and the wavelength of the emitted
light is dependent on the material. Normally, there is an active layer of a (slightly)
different material between the p and n semiconductors to enhance the efficiency of
radiative recombination and to confine the emission of light. Most commonly, III-V
semiconductors, but also II-VI and IV-materials are used. States within the band
gap can be introduced by doping, which can be used for color tuning But more
importantly, these defects act as recombination centers leading to higher rates for
radiative recombination in materials with an indirect band gap.[37]
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1st Generation OLED: Singlet Emitter Concerning the basic principle of op-
eration, OLEDs do not differ very much from LEDs. The most important issue
is to find an active material with a high luminescence efficiency, and to properly
inject both types of charge carriers into that material. But as pointed out above,
the properties of inorganic and organic semiconductors are quite different, which is
also expressed in the design of the device. Especially the emission of light in most
inorganic LEDs is confined to a small spot, in contrast, OLED devices emit over a
larger area.
While the emission properties of many organic semiconductors are favorable, charge
transport and especially the injection of charge carriers accompanied by unrea-
sonably high driving voltages remained a serious problem for a long time. The
first example of an OLED with a high brightness at a relatively low operating
voltage was presented by Tang and VanSlyke in 1987.[38] They employed tris(8-
hydroxyquinolinato)aluminium as emissive layer (EML) and a bis(triarylamine) as
hole transporting layer (HTL) between a low-work function metal cathode and an
ITO anode (for comparison see figure 1.5 a). The device was fabricated by vac-
uum deposition techniques and emitted green light for several tens of hours of
operation.[38] In an early example for a polymeric OLED, poly(p-phenylene viny-
lene) (PPV), of which a precursor can be deposited from solution, was used as EML.
But without electron transporting layer (ETL) or HTL, the operating voltage was
still quite high and the efficiency relatively low.[39] Furthermore, the fabrication of
an OLED on a flexible substrate (polyethylene terephthalate) was achieved, using a
soluble derivative of PPV as EML and polyaniline as HTL.[40]
As already stated before, the efficiency of an OLED is on the one hand dependent
on the emission properties of the EML and the further light output of the device,
and on the other hand on an efficient and balanced injection of charge carriers into
the EML. The latter condition is strongly affected by the properties of the interfaces
between the different materials. In the simplest case an OLED consists of an EML
which is in contact to a high work function anode and a low work function metal
cathode (this structure is similar to figure 1.5 without ETL and HTL). The organic
Figure 1.5. Schematic representation of an OLED. a) Device structure showing the
different layers, b) Energy level diagram at flat-band conditions (EF: Fermi energy).
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semiconductor in the EML is intrinsic, thus the charge carrier density is low, which
results in a relatively large depletion depth. Usually, the depletion depth is larger
than the thickness of the material. Thus, the electronic structure of the bulk organic
semiconductor can be described in terms of the rigid band model, which means that
the built-in electric field causes a uniform slope in the energy of the states. At zero
bias the Fermi levels of cathode and anode are equal and the energy of the states
of the EML are highest at the anode and decrease linearly towards the cathode. If
a bias is applied, this slope in energy gets less steep. At a certain value the flat-
band condition is reached (see figure 1.5 b) and charge carrier injection can occur.
When the bias is increased further, the slope is reverted and triangular barriers are
formed. With increasing bias or increasing electric field, the thickness of the barrier
decreases. Charge carriers can tunnel through these barriers by Fowler-Nordheim
field emission tunneling. The tunnel current is strongly dependent on the electric
field, which causes the necessity of very thin and even films. The tunnel current is
also affected by the barrier height, for low operating voltages, the barriers should
be kept as low as possible. For optimal operating conditions of the device, both the
anode and the cathode material should match the energy levels of the material of
the EML equally and very well. If this is not case, injection of one type of charge
carriers can be much more efficient than the other type, which would lead to a
current of majority charge carriers crossing the EML without recombination. This
problem can be encountered by the introduction of ETL (or hole blocking layers)
and HTL (or electron blocking layers, see figure 1.5). When the flow of majority
carriers is blocked at the interface of two materials, the electric field at the electrode
for the minority carriers increases, which leads to enhanced injection of minority
carriers. Furthermore the introduction of additional layers reduces the heights of
the barriers.[41–43]
2nd Generation OLED: Triplet Emitter In the above mentioned examples
only singlet emitters were used in the EML, but electron spin was not considered,
yet. When electron and hole, both having a spin of ±1
2
, approach and form a bound
exciton in the EML, there are four possibilities to combine the spins, three of them
being a triplet. Accordingly, the statistical probability of triplet formation is 75%.
Therefore, in devices made solely from singlet emitters, at least 75% of the excitons
are converted to heat, the maximum efficiency of electron-to-photon conversion is
25%. To achieve higher efficiency, triplet emitters were employed in OLEDs. Usu-
ally, the T1 → S0 transition is strictly spin forbidden and thus very slow, leading to
non-radiative de-excitation. However, some transition metal complexes (for example
complexes of Ir, Ru, and Pt) exhibit relatively strong spin-orbit coupling and there-
fore singlet character is mixed into the triplet states. Especially metal-to-ligand
charge transfer states (dπ∗) are involved. In the end, radiative lifetimes down to
1 µs can be reached for phosphorescence, which can compete with non-radiative
processes to give a high luminescence quantum yield. The device structure of phos-
phorescent OLEDs is quite similar to the ones described above, but the EML does
not consist of pure triplet emitter. Triplet emitters need to be specially separated to
suppress non-radiative de-excitation pathways, such as triplet-triplet annihilation.
Therefore they are applied as dopands in a host matrix. In such a system there
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are three ways to excite the emitter in the matrix. If the energies of the electronic
states are situated in the band gap of the host material, the emitter can be excited
directly by trapping of charge carriers. Secondly triplet excitons that were already
formed in the host material can be transferred to the emitter by Dexter transfer.
In that case it is important to chose a host material which a (optical) band gap,
that is sufficiently high, since the lowest triplet energy of a conjugated polymer can
be below the lowest excited singlet by up to 1 eV. Finally singlet excitons can be
transferred to the emitter by Förster transfer. The triplet emitters are also known to
have very high ISC rates. So the formation of a triplet followed by phosphorescence
is more likely than direct fluorescent emission.[44, 45]
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1.3 Hybrid Optoelectronic Devices
The term ’hybrid’ is oftentimes used nowadays to describe materials or devices, that
consist of very different classes of substances. Here, the combination of organic and
inorganic semiconductors is named hybrid. By this, all the above mentioned devices
may be called hybrid. But there is one additional point: In the following the fo-
cus will be on devices that transfer energy, or more precisely, excitons between the
different types of materials in order to generate their function. First, some physi-
cal background will be given on the different regimes and mechanisms of excitonic
coupling. Afterwards some examples from the literature will be given to lead to
the hybrid inorganic-organic systems (HIOS) project, which surrounds this work.
One of the main goals of this project is, to combine the advantages of the different
materials to increase the performance and efficiency of opto-electronic devices.
1.3.1 Regimes of Coupling
In a system of two molecules of which the donor D∗ is excited and the acceptor A
is in the ground state3, there are several ways of exciton transfer. If the system
is not coupled, because the distance of the molecules is in the order of the optical
wavelength or larger, the donor relaxes by the emission of a photon which then can
be absorbed by the acceptor. For this type of energy transfer, some spectral overlap
between the donor emission and acceptor absorption is needed. Typically, a decrease
in intensity of the donor emission is observed in the region of spectral overlap, while
the decay time remains unchanged.
For non-radiative energy transfer, spectral overlap of the donor emission and the
acceptor absorption is a primary requirement, as well. The participating transitions
have to be strictly of the same energy or in resonance. Therefore, the non-radiative
energy transfer is also termed resonance energy transfer (RET). The two parts of
the system have to interact. The strength of that coupling can be expressed as an
energy which is related to the perturbation of the uncoupled system by the cou-
pling. This interaction has Coulombic and exchange contributions. The Coulombic
interactions have a relatively long range and can be described in Förster’s model for
dipol-dipol interactions. For shorter ranges models including mono- and multipo-
lar interactions are better suited. The exchange contribution is related to Dexter’s
mechanism of RET. Since the wave functions of the involved states of donor and
acceptor have to overlap for exchange energy transfer, these contribution is only
significant for short ranges and if Förster-type transfer is forbidden. Non-radiative
energy transfer is evidenced, when the excited state lifetime of the donor is reduced,
while the spectral shape is preserved.
Depending on the energy of the interaction, three regimes of coupling can be differ-
entiated: the strong coupling regime, weak coupling and very weak coupling. Here,
only the first and the latter one are discussed.4 Since weak coupling relates to the
3Exciton or energy transfer can also take place between the same type of molecules. The
factors that govern the efficiency of the process are similar to the D-A case, but some characteristic
observations related to energy transfer are different.
4In the literature sometimes only strong and weak coupling is differentiated, but then the
meaning of ’weak’ is what here is referred to as very weak coupling. For comparison see ref. [46]
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typical electronic structure of larger organic molecules or π-systems. In the case
of strong coupling or coherent coupling the coupling strength is larger than the
energy offset between the donor and acceptor transitions and also larger than the
corresponding bandwidth or linewidth of the spectrum. As a result the absorption
spectrum of the coupled system is different from that of its parts: Two new absorp-
tion bands have formed, that are split by the twofold coupling energy corresponding
to the in-phase and out-of-phase components. The energy transfer time is extremely
short (shorter than vibrational relaxation, for example) and the exciton is truly delo-
calized over both parts of the system. Within the dipole approximation, the energy
transfer rate is inversely proportional to the distance of the two parts by the power
of three. In the case of very weak coupling, the interaction energy is smaller than
the energetic separation of donor and acceptor and the spectral bandwidth and the
absorption spectrum is not altered. The transfer time is generally longer than vi-
brational relaxation, so that energy transfer takes place from the lowest vibrational
level of the first excited state. The transfer rate is proportional to r−6 (r being the
distance) but it can have a range up to 100 Å.















In this equation kD is the emission rate constant for spontaneous emission of the
donor or τD0 the corresponding decay time and R0 is the Förster radius at which the
rates of energy transfer and spontaneous decay are equal. The Förster radius R0 (in










ΦD is the fluorescence quantum yield of the donor, n the refractive index of the
medium, ID(λ) (λ in nm) the fluorescence intensity of the donor (normalized by∫∞
0
ID(λ)dλ = 1), and εD(λ) is the molar absorption coefficient in L mol-1 cm-1.
The orientation factor κ2 can reach an average value of 2/3 for an ensemble where
free rotation of the dipoles is faster than energy transfer. The quantum efficiency
ΦT of the energy transfer can be calculated by
ΦT = 1− τD
τ 0D
(1.14)
from the decay time in absence of an acceptor (τ 0D) and with acceptor (τD). Con-
cerning the selection rules for Förster RET, one has to consider, that the optical
transition of the acceptor has to be allowed and that the donor has to have a non-zero
quantum yield for the emission. Accordingly, a singlet excited donor can transfer
its energy to a ground state acceptor to create a singlet excited acceptor, or to a
triplet excited acceptor to create a higher triplet. But also phosphorescent donors
can transfer their energy under spin conservation of the acceptor.








ID(λ)εD(λ)dλ · e−2r/L (1.15)
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with the normalization condition
∫∞
0
ID(λ)dλ = 1. L is the average Bohr radius and
K is a constant that is not accessible from spectroscopic data and limits the usability
of this formula. The selection rules for Dexter’s mechanism are not as restrictive as
for Förster’s mechanism. The most important additional transitions are the transfer
from a triplet excited donor to an acceptor which is initially in the ground state, to
create a triplet excited acceptor, and the triplet-triplet annihilation.[47]
The different mechanisms of coupling described above for molecular systems can in
principle also occur in hybrid structures composed of inorganic quantum wells and
quantum dots, and organic chromophores. However, the coupling between ’inor-
ganic’ Wannier-Mott excitons and ’organic’ Frenkel excitons, as well as the non-0-
dimensionality of the structures may lead to new effects. In the [very] weak coupling
regime energy can be transferred incoherently from organic layers to to inorganic
semiconductors or vice versa, depending on the optical band gaps of the involved
materials. Hence, the preferable absorbing or emitting properties of the organic
materials can be combined with the superior ability of charge carrier injection and
transport of the inorganic semiconductors. In this way, RET LED or RET solar cells
can be constructed. At this point, it should also be noted, that the rate constant
for energy transfer decays less steeply with the distance between donor and acceptor
than the r−6 dependence for two point dipoles. In the case of strong coupling, hybrid
Frenkel-Wannier-Mott excitons are expected to be formed, which are characterized
by the oscillator strength of the Frenkel exciton and the radius of the Wanner-Mott
exciton, leading to enhanced nonlinear optical effects.[46]
1.3.2 Examples for Energy Transfer Devices
In this section a few examples are given for structures or devices that investigate or
exploit RET between the different classes of materials. The idea of hybrid LEDs con-
sisting of an inorganic quantum well of II-VI materials and an organic emitting layer
separated by a barrier of a defined width, was first explored on the theoretical level.
Using typical parameters of the materials, it was shown that energy transfer from the
quantum well to the organic layer can be faster than the intrinsic excitation decay
time of the quantum well. Therefore non-radiative decay channels in the quantum
well play a smaller role and the overall emission quantum yield of the structure is in-
creased, provided that the emission quantum yield of the organic material is high.[48]
The first inorganic-organic structure that was well studied experimentally, is a ZnO
quantum well with Zn0.9Mg0.1O barriers with an organic layer of 2,2-p-phenylenebis-
(5-phenyloxazole). By evaluation of the PL transients of the bare quantum well and
the hybrid structure, it was shown that excitons are transferred from the quantum
well to the organic part with an efficiency of up to 0.5 at a temperature of 5 K.[49]
Using 2,7-bis(biphenyl-4-yl)-2’,7’-di-t-butyl-9,9’-spirobifluorene as organic layer, the
efficiency of the exciton transfer was increased to 0.75, but electron transfer from the
organic material to the inorganic part quenched the emission to some extent.[50] In
some later studies the energy transfer between InGaN/GaN or GaN/AlGaN quan-
tum wells and organic (polymeric) layers was investigated.[51–55] There are also
some examples of energy transfer between inorganic quantum dots and inorganic
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layers or quantum wells in both directions to form hybrid solar cells or LEDs.[56,
57] While in all the above mentioned exsamples the energy transfer is mediated by
long-range dipolar interactions, there are also some cases of Dexter type exchange
transfer. Triplet excitons were either transferred from PbBr6 layers in a perovskite
structure to naphthalene layers[58] or from pentacene to PbSe nanocrystals.[59]
1.3.3 The HIOS Project
As already stated above, the work presented in this thesis has been carried out in
the framework of the collaborative research center 951 of the DFG, ’HIOS’ (hybrid
inorganic/organic systems for opto-electronics). In the previous sections, the optical
and electronic properties of different classes of materials were described, as well as
their applicability, processing techniques, and typical device structures. The spe-
cific advantages and disadvantages of the different types of materials were depicted
and, to some extent, possible ways to combine or hybridize these materials were
introduced. It is now the goal of the project to study and systematically improve
the opto-electronic performance of hybrid structures that exploit the specific advan-
tages of the employed materials, while specific disadvantages are eliminated. The
three components are organic semiconductors, inorganic semiconductors, and metal
nanostructures. The latter ones are not discussed here, because that part of the
project is not related to this work. For the part of inorganic semiconductors ZnO
and GaN were considered. Here, the focus will be on ZnO.
With regard to their opto-electronic function, the structures may be very sensitive
towards morphology and defects. Especially the interface of the materials plays an
important role, since inorganic semiconductors often form surface reconstructions
or the surfaces are reactive and the organic material can bind in different ways.
However, to understand the fundamental optical and electronic processes in HIOS,
reproducible fabrication of high quality structures is essential. Thus, one of the key
research areas is the controlled assembly of HIOS. To achieve high structural quality,
high purity materials need to be processed under controlled conditions. Therefore,
all-UHV techniques as molecular beam epitaxy (MBE) for the inorganic semicon-
ductors, and OMBD for the organic layers were chosen as growth methods for the
initial phase of the project. For later stages, solution processing is planned, as it
should broaden the scope of molecular compounds used tremendously.
Once high quality samples can be grown and structurally characterized, the elec-
tronic coupling and hybridization of quantum states of the different materials can be
investigated. Here, the investigations mainly concern the excitonic coupling, which
is analyzed by transient PL measurements and the energy level alignment, which
is analyzed by ultraviolet photoelectron spectroscopy (UPS) or X-ray photoelectron
spectroscopy (XPS).
1.3.3.1 ZnO
ZnO is the prototypical inorganic semiconductor investigated in the HIOS project.
It is a non-toxic, low-cost, relatively abundant material. Bulk ZnO crystallizes in
the wurtzite structure (P63mc, see figure 1.6). Macroscopic crystals of ZnO are
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transparent and colorless to yellow. In figure 1.6 b) some different ideal crystal faces
are depicted (before reconstruction or passivation), the oxygen terminated (000-1),
the zinc terminated (0001) and the mixed terminated 10-10) surface. Depending
on the surface, molecular adsorption geometries and energy level alignment may be
different (see for example [60]). ZnO is a direct semiconductor with a wide band
gap (3.44 eV at low temperature, 3.37 eV at room temperature) and thus a strong
absorption in the UV region. Due to a relatively large exciton binding energy of
60 meV, ZnO can also emit at room or higher temperatures. Crystalline bulk or
thin film ZnO can be grown with a large variety of techniques from solution, from
the melt, or from the gas phase. Most growth techniques lead to n-type conducting
ZnO. Furthermore, band gap tuning is possible. By alloying CdO for lower and
MgO for higher band gaps, a variation of the band gap between roughly 3 eV and 4
eV is possible, which is also applied in heterostructures.[61]
In terms of application in electronic devices, ZnO is widely discussed as material
for transparent electrodes. By doping with aluminum or gallium a relatively low
resistivity can be achieved that is comparable to ITO, while retaining the material’s
transparency. As a low-cost material, it is a potential candidate to replace expensive
ITO.[63, 64]
In principle, bulk ZnO can also emit light, however quantum well structures present
some advantages. In addition the formation of subbands, the charge carriers and
the excitons are spatially confined. If the barrier of the quantum well is thin, the
excitons are confined very close to the surface of the device, which is important
for non-radiative energy transfer. High quality ZnO/ZnMgO quantum wells can be
grown by epitaxial methods under high vacuum conditions. The emission of such
quantum wells is situated between 3.3 and 3.5 eV and the peak width at half max-
imum can be as small as 7 meV in some cases. Furthermore the thickness of the
capping layer (respectively the barrier thickness at the interface) can be reduced
down to 2.5 nm without losing the emissive properties of the quantum well, which
Figure 1.6. Crystal structure of ZnO (Wurtzite, O: red, Zn: gray) a) view along
[0001] of a crystal fragment. b) Crystal fragment displaying the different surfaces of
ZnO: oxygen terminated (000-1) (top), zinc terminated (0001) bottom, and mixed
terminated (10-10) surface. Crystallographic data are taken from ref. [62].
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enables dipolar coupling to organic semiconductors.[65, 66]
1.3.3.2 Requirements for the Organic Component in HIOS
To construct hybrid devices with an efficient energy transfer, the organic component
has to fulfill several requirements, that are not only associated with parameters of
the energy transfer process. Factors concerning the processability of the material, as
well as a stable device structure are important, as well. Below, several requirements
are listed, starting with the ones related to the energy transfer:
• Spectral overlap. As apparent from equations 1.13 and 1.15, the spectral
overlap of the donor emission and the acceptor absorption is of major impor-
tance in the very weak coupling regime. Most obviously, the energy of both
transitions has to be equal and it is advantageous if the spectral shapes are
similar, to achieve maximal overlap of the normalized spectra. Since the emis-
sion of the inorganic quantum well is very sharp, the organic component should
also display narrow transitions. In that context, one should keep in mind, that
both the PL quantum yield of the donor, which can not be influenced by the
organic component employed as acceptor, as well as the absorption coefficient
ε in the region of spectral overlap influence the transfer rate. Thus, organic
chromophores with a maximum ε exactly and ideally only at the donor emis-
sion are required. In a scenario of coherent coupling, a small width of the
transitions is even more important.
• High PL quantum yield. The efficiency of a hybrid LED depends on the
quantum yield of the emitter. Hence, the organic component should have a
PL quantum yield ΦPL, that is close to 1.
• Small Stokes-shift. A small stokes shift is advantageous because of two rea-
sons. The first one is energy efficiency. To generate high-energy photons with
a minimum driving voltage, energy should not be lost via thermal relaxation
and reorganization of molecules. Secondly, a small Stokes-shift assures a rel-
atively high exciton diffusion length mediated by intermolecular donor-donor
RET.
• Energy level alignment. Since inorganic semiconductor and organic mate-
rial are in close proximity, electron transfer processes may occur. While this
process is desired in photovoltaic devices, it would quench the emission of an
hybrid LED. Therefore the HOMO of the emitter and the valence band maxi-
mum of the inorganic semiconductor, as well as the LUMO and the conduction
band minimum should have the same energies, respectively.
• Inertness. When applied in a device structure, the organic component should
be as durable as possible. This relates to thermal, as well as photochemical
and electrochemical degradation processes.
• Tolerant to gas phase processing. In the initial phase of the project, the
device fabrication is mainly limited to UHV based techniques. The organic
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components are processed by OMBD, which requires molecules, which can
be evaporated. To ensure the vacuum processability, the molecules should be
thermally very stable and the molecular mass should not exceed approximately
1000 g/mol, to keep the evaporation temperature sufficiently low. Furthermore
it is advantageous, if the melting point is above the evaporation temperature
in the pressure regimes used. These requirements limit the use of solubilizing
groups.
• Thin film formation. In layered devices, it is important, that the compo-
nents can be grown in closed, homogeneous films. These may either be of
high crystalline quality or totally amorphous and have to be stable over time.
Stable films can either be formed if the interaction between sample and sub-
strate is sufficiently strong or if the sample molecules are not mobile and do
not diffuse.
• Assembly on a given substrate surface. The interaction between the
different materials can depend on the orientation of the molecules with respect
to the surface. Therefore, the orientation of the optical transition dipole is
significant. In a target molecule, it should be in a pronounced direction, which
can be addressed by chemical functionalization to guide the self assembly on
the substrate surface by dipoles or anchoring groups.
1.3.3.3 Potential Organic Building Blocks
The variety of absorbing and emitting organic molecules is large. Nearly every con-
jugated molecule has a pronounced absorption and a large fraction of them is also
emissive. But it is rather demanding, to find a class of molecules, that meets all the
requirements stated above. An additional point should be addressed here, as well.
Once a molecule is found, that is suitable regarding most of the requirements, there
should still be some freedom for chemical variation without disturbing the system
such, that its favorable properties get lost. On the other hand, some perturbation
should be possible to allow for fine-tuning of the chromophore.
Typical examples of simple fluorescent molecules, which are applied in organic elec-
tronics are polycyclic aromatic hydrocarbons, such as pyrene, perylene, naphtha-
lene, anthracene, or higher acenes. Due to their fully planar and rigid π-system
they posses narrow absorption and emission bands and some of them also a high flu-
orescence quantum yield. But the optical HOMO-LUMO-transition in the near UV
in combination with a very high absorption coefficient is hard to find. Furthermore,
some of these compounds are very sensitive to (photo) oxidation and the possibilities
for chemical functionalization are limited. Regarding the point of assembly on sur-
faces, rod-like molecules can have some advantages. In this case, oligo(p-phenylene)s
are an interesting class of organic semiconductors. They have a strong absorption
in the UV region and high PL quantum yields. But the bands are relatively broad
because of the rotational degrees of freedom between the phenylene units. However,
this problem can be eliminated by locking the angle between phenylene units by
covalent bridging. This was accomplished with a methylene bridge (figure 1.7 a),
with a ethane, or ethene in the bridge (1.7 b and c), or with a bridging nitrogen (1.7
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Figure 1.7. Different types of ladder-type oligo-p-phenylenes.
d, for an overview see e.g. [67]). Except for the ethane bridge, these structures are
planar. But in case of the nitrogen and ethene bridge, the optical transitions have
already relatively long wavelengths for very short oligomers and the lowest vibronic
transition is not very pronounced. Accordingly, the ladder-type oligo(p-phenylene)s
with the methylene bridge are most promising for hybrid structures with ZnO quan-
tum wells. They posses a strong 0-0 transition in the UV and a rough tuning of
the optical band gap can be conducted with a variation of the oligomer length.
Furthermore, a large variety of functionalization can be carried out at the different
methylene groups and at the terminal aromatic positions.
1.3.3.4 Ladder-Type para-Phenylenes
The synthetic route to LPPPs and longer ladder-type oligo(para-phenylene) (LOPP)s5
was first described by Scherf and Müllen in 1991 (figure 1.8).[68] To build up the
polymer strand, a substituted 1,4-phenylenebis(boronic acid) 1 (R1 = H, alkyl) was
reacted in a Suzuki polycondensation with a derivative of 1,4-dibromobenzene car-
rying two keto units for later intramolecular bridging in para position with respect
to each other (2, R2 = (alky substituted) phenyl units). The initial polymer 3 was
reduced to the polyalcohol 4, which was condensed to the LPPP 5 in a intramolec-
ular Friedel-Crafts reaction. This synthetic route is not limited to para-phenylenes,
structures withmeta connections of the phenyl units have also been synthesized. But
the synthetic route displays more versatility. Keto groups as in 3 can be reacted
with metalorganic reagents to yield a polyalcohol. In that way, mixed alkyl-aryl
substituted were synthesized, which are more resistant towards degradation than 5,
since the hydrogen in the methylene bridge is quite reactive. If instead of ketones,
esters are used, they can also be reacted with metalorganic reagents to finally yield
LPPPs with bis(alkyl) or bis(aryl) substituted methylene bridges. Furthermore,
the ester groups can be saponified and reacted in Friedel-Crafts acylations, to give
LOPPs carrying the fluorenone motif. These keto groups can further be converted
into spirobifluorene units or dicyanovinyl groups.[67, 69–73]
It was shown, that LPPPs are higly luminescent, easily processable materials. The
optical and excited state properties have been examined on a theoretical[74] and
experimental basis. Site selective fluorescence studies revealed, that the Stokes shift
in LOPPs is maily related to spectral diffusion and not to reorganization.[75] Solid
state optical properties have been discussed[76] and LPPPs have successfully been
employed as active layer in OLEDs.[77]




Figure 1.8. Initial synthetic route to LPPP 5.
1.4 Challenges
The challenges for this work are already pre-defined by the requirements for the
organic component, which were stated above. However, some of the requirements
are most likely already accomplished by the choice of LOPPs as target molecules,
such as high PL quantum yield and a small stokes shift, some are more specific,
especially concerning the synthesis. In the following the different points are re-
formulated and summarized.
• Spectral overlap. As LOPPs already display strong and narrow optical 0-
0-transitions, the remaining task is to bring this transition in resonance with
the emission of the ZnO quantum well structures (≈ 3.4 eV). A rough tuning
of the optical gap can be achieved by adjustment of the oligomer length. Fine
tuning might be possible by a variation of the substitution pattern, however,
this might interfere with other parameters.
• Vacuum processing. For the application of the organic materials in evap-
oration based processing techniques, solubilizing groups based on long alkyl
chains should be omitted. The related lack of solubility for larger planar,
π-conjugated molecules has two consequences for the synthesis: First, the pla-
narization of the molecule should be carried out as late as possible, to keep
the intermediates easy to handle. And secondly, purification techniques have
to be employed, that do not or only marginally depend on the solubility of the
substances, such as crystallization and sublimation techniques.
• Energy level alignment. It is relatively simple to achieve shifts in the fron-
tier orbital energies by introduction of donating or accepting groups. The
optical properties have to remain unchanged, however. This excludes any con-
jugated group, such as cyano, dicyanovilyl, nitro or carbonyl groups. Hence,
the focus will be on fluorine and fluorinated substituents.
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• Inertness. The reactivity of hydrocarbon LOPPs towards surfaces is expected
to be rather low. So inertness was initially not considered as a serious problem.
But in the course of the experiments it turned out, that photooxidation is
seriously interfering with the analysis of the energy transfer. Hence, a lot
of effort was put into the generation of new insights into the products and
mechanisms of photodegradation.
• Layer formation. If the interaction between substrate and organic layer
is weak, the organic component might tend to form crystalline islands. To
form either crystalline or amorphous layers without a strong interaction to the
substrate, intermolecular interactions should be weakened and diffusion should
be hampered.
• Molecular orientation. To control the orientation of molecules on a surface,
the attachment of anchoring groups on specific positions or the introduction
of a molecular dipole is necessary.
• Site selective functionalization. In most of the previous points, a very
distinct functionalization needs to be realized in order to achieve a fine tuning
of the properties of the organic material. In that context synthetic routes have
to be developed, which make is possible to specifically address every methylene
bridge with a variety of different substituents.
The following chapters will address these points in combination or sometimes only
one of them. In the second chapter some general points of the synthesis and process-
ing of LOPPs and their properties will be compared to non-bridged p-phenylenes.
In the third chapter the effects of the fluorination of the methylene bridges on the
frontier orbital energies, the intermolecular arrangement, and the optical properties
will be addressed. The fourth and fifth chapter have a focus on the photodegradation
of structures carrying the fluorene motif. While the former one is related to reac-
tion conditions, kinetics and potential products of the degradation of ladder-type
structures, the latter one focuses on the influence of different substituents in the
methylene bridge of 2,7-diphenylfluorenes on the rates of photodegradation. In the
sixth chapter the influence of spirobifluorene on the optical properties, solid state
structures and thin film forming ability will be discussed, as well as the influence of
isomerism on the optical properties. In the final chapter a short overview over first
integration into hybrid devices will be presented.
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2 Vacuum-Processable p-Phenylenes and
Effects of Bridging and Planarization6
2.1 Introduction
Optoelectronic devices incorporating organic semiconducting materials are heavily
investigated to achieve higher device efficiencies and longer durability in combination
with their light weight, flexibility, and potentially low cost.[16] The integration of
organic and inorganic semiconductor materials to unite specific favorable properties
of both material classes is particularly promising. To achieve proper interaction of
both semiconductor materials in order to promote either energy or electron transfer
between the two device components, the energy level alignment at the interface and
hence the organization of the molecular building blocks is crucial.[60] In order to
gain a detailed understanding of these important processes it is essential to con-
struct well-defined inorganic–organic hybrid structures. Such model systems can
be realized by thin-film growth of organic molecules on semiconductor surfaces by
vapor deposition or molecular beam deposition techniques.[80] The most important
prerequisites for the molecular building blocks to be employed are therefore their
thermal stability beyond the evaporation temperatures. Clearly, the organic mate-
rial should possess the desired opto-electronic properties, such as high absorption
coefficients and luminescence efficiencies, narrow absorption and luminescence bands
as well as a small Stokes shift to enable efficient exciton migration within the organic
layer. Furthermore, the organic component should resist any type of optically or
electrochemically induced degradation.
One of the prime organic semiconductors, meeting many but not all of the afore-
mentioned conditions, is p-sexiphenyl 6P–the ‘fruitfly’ of organic electronics. Be-
sides studies on the application in OLEDs[77, 81] there are many reports about its
crystallographic structures on a variety of metallic and dielectric surfaces,[82] no-
tably also on the electronic structure at the interface with ZnO.[60] Furthermore,
non-radiative energy transfer between ZnO and a spiro-derivative of 6P has been
demonstrated.[50] However, due to its intrinsic flexibility, in particular its rotational
degrees of freedom along the aryl-aryl connections, oligo- and poly(p-phenylene)s
in general display rather broad absorption and emission spectra and a significant
Stokes shift. To overcome these restrictions, focusses on LOPPs, which due to their
fixed planar geometry should exhibit the desired optical features. Note that to date
a large number of typically odd-numbered oligomers as well as polymers of that type
has been synthesized and studies of their optical and electronic properties as well as
their applicability in OLEDs, photovoltaic cells, and electronic materials have been
6This chapter has already been published in a similar manner in ref. [78], initial work has been
carried out in the framework of a diploma thesis [79].
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described in the literature,[67, 70, 72, 83–87] yet all these examples necessitate long
alkyl chains to provide sufficient solubility for solution processing. However, the
significant weight bestowed by the side chains prohibits their evaporation without
thermal degradation and therefore it is not surprising that thus far there is no report
on vacuum-processable LOPPs.7 Furthermore, note that even-numbered oligomers
have been synthesized only up to four phenylene units. Herein, we disclose a new
synthetic route to even-numbered LOPPs, designed specifically for vacuum-based
deposition techniques. We describe both the synthesis and characterization with re-
gard to their optical and electrochemical properties in solution as well as the growth
of thin films on alumina surfaces by OMBD. These molecules should enable the re-
alization of the targeted organic–inorganic semiconductor hybrid structures to allow
for efficient exciton and charge transfer across the organic-inorganic interface.
2.2 Results and Discussion
2.2.1 Synthesis
The synthesis to even-numbered LOPPs is based on a central fluorene unit, which
is connected to two terminal aromatic moieties via cross-coupling reactions. The
bridging, leading to an extended aromatic system and hence extremely low solubil-
ity, represents the penultimate step of the sequence. The functional groups to induce
the bridging reaction are incorporated in the central building block and hence access
to the highly functionalized fluorene derivative 8 (figure 2.1) is required.
Since attempts to direct functionalization of 2,7-dibromo-9,9-dimethylfluorene in its
3- and 6-position were not successful, phenanthrene-9,10-dione 1 was chosen as the
starting material as it is regioselectively brominated using bromine and dibenzoyl
peroxide in nitrobenzene.[89] Ring contraction of 3,6-dibromo-phenanthrene-9,10-
Figure 2.1. Synthesis of highly functionalized fluorene 8 (TEBAC :triethyl benzyl
ammoniumchloride).
7The only exception known to the author is a patent: See ref. [88]. But some of the data
presented there are questionable.
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dione 2 followed by decarboxylation using aqueous KOH and KMnO4 provided 3,6-
dibromofluorenone 3,[90] which was reduced via a Wolff–Kishner reduction[91] and
the formed 3,6-dibromofluorene 4 was subsequently methylated employing CH3I
and KOtBu[92] to provide 3,6-dibromo-9,9-dimethylfluorene 5. Two-fold lithia-
tion using n-butyl lithium and subsequent reaction with chloromethyl methyl ether
chloromethyl methyl ether (MOM-Cl) gave 6 in 75% yield. Note that other elec-
trophiles, such as dimethyl carbonate or acetone, gave lower yields. Diether 6 was
brominated with N-bromosuccinimide in propylene carbonate[93] and the formed
2,7-dibrominated fluorene 7 was oxidized[94] to the corresponding diester building
block 8.
The core unit 8 was reacted with 9,9-dimethylfluorene-2-boronic acid, which was
readily generated by lithiation of 9 followed by reaction with tributylborate (figure
2.2), in a Suzuki cross-coupling reaction employing catalytic amounts of Pd(PPh3)4
and Na2CO3 in a biphasic water-tetrahydrofuran (THF) solvent mixture. Diester 10
was treated with excess CH3MgI to yield diol 11. Final bridging via intramolecular
Friedel–Crafts alkylation[69] provides ladder-type sexiphenyl L6P, readily visible
by its characteristic blue fluorescence appearing within a few seconds of the reac-
tion. Purification of the final product L6P was achieved by precipitation, extensive
washing of the solid, and final sublimation. Interestingly, the solubility of L6P in
CHCl3 and CH2Cl2 is much better as compared to p-sexiphenyl 6P enabling char-
acterization by standard solution techniques, such as NMR, UV/vis absorption and
fluorescence measurement as well as cyclic voltammetry (CV). It appears that the
methyl groups at the sp3-hybridized bridging carbon atoms projecting out of plane
prevent efficient π-π stacking, at least to some degree.
The synthesis of the ladder-type quarterphenyl L4P was carried out following an
analogous route but employing phenylboronic acid (figure 2.3). Intermediate diester
Figure 2.2. Synthesis of ladder oligomer L6P.
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Figure 2.3. Synthesis of ladder oligomer L4P.
13 was reacted with CH3MgI to afford diol 14, which was converted to L4P via
two-fold intramolecular Friedel–Crafts alkylation. Purification of L4P was achieved
by recrystallization and sublimation. For comparison purposes, bifluorene 2F was
synthesized by cross-coupling 9 with its corresponding boronic acid while terfluorene
3F was synthesized according to literature procedures.[95]
2.2.2 Optical and Electrochemical Properties8
The optical and electrochemical behavior of the newly synthesized oligomers was in-
vestigated in solution, in particular to determine the influence of increasing rigidity,
i.e. loss of rotational degrees of freedom, in a series ranging from 6P over 3F to
L6P as well as the effect of extending the π-system in even-numbered LOPPs in a
series ranging from 1F over L4P to L6P (figure2.4).
Both absorption (λabs) and fluorescence emission (λem) maxima are bathochromi-
cally shifted with increasing degree of bridging, i.e. going from 6P via 3F to L6P
(Fig. 2.5). This is in good agreement with the fact that bridging forces adja-
cent phenylene units into coplanarity hence leading to an increased effective π-
conjugation. In addition, the maximum extinction coefficients εmax are significantly
increased upon bridging, i.e. it is more than doubled when going from 4P to L4P
and again from 3F to L6P as well as more than tripled going from 6P to L6P
(Table 2.1). The absorption and excitation spectra of 3F and 6P,9 respectively, are
rather broad and unstructured when compared to L6P. In addition to having a very
high extinction coefficient εmax the absorption maximum of L6P is very sharp, in
8Electrochemical measurements were carried out by Dr. Lutz Grubert (HU Berlin, Institut für
Chemie).
9For 6P only excitation spectra are available due to its poor solubility
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Figure 2.4. Characterized compounds and variation of their structural parameters.
Figure 2.5. Spectral properties of p-phenylenes in solution: Absorption (solid line),
and fluorescence (dotted) spectra of 3F (black), and L6P (red), as well as excitation
(solid line, scaled with ε from ref. [96]) and fluorescence (dotted) spectra of 6P
in CH2Cl2. The intensity of the fluorescence is normalized to the corresponding
maximum absorption coefficient.
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Figure 2.6. Spectral properties of p-phenylenes in solution: absorption spectra of
1F (blue), L4P (black), and L6P (red) in CH2Cl2.
particular on the low-energy edge. The degree of bridging has perhaps the most pro-
found effect on the Stokes shift (∆E), i.e. the energy offset between absorption and
emission maxima, which is significantly decreased when going from 6P (580 meV)
via 3F (250 meV) to L6P (40 meV). These observations are readily explained by
the fact that oligo(p-phenylene)s can freely rotate about the phenylene–phenylene
bonds in the ground state in solution, leading to absorption of various rotamers
and hence spectral broadening. Upon excitation the unbridged oligo(p-phenylene)s
can undergo relaxation on their excited state potential energy surface by adopting a
more planar conformation,[100] hence giving rise to a large Stokes shift. In contrast,
the geometry of the rigidified L6P in its ground and excited states is almost identi-
cal leading to a vanishing Stokes shift, while 3F represents a somewhat intermediate
case. Furthermore, rigidification in L6P is reflected by the clearly visible vibronic
coupling. In this regard, analysis of the absorption spectra of the bridged series, i.e.
1F, L4P, and L6P (figure 2.6), shows that in all cases the 0,0-transition is favored.
Table 2.1. Optical properties of the investigated p-phenylenes in solution.
λmax / nm ϵmax / L mol-1 cm-1 λEm / nm ΦPL ∆E / meV
6P 320a 55 000b 377 0.93b 580
3F 349 90 000 393 0.9 250
L6P 407 190 000 412 1.0 40
L4P 369 100 000 374 0.7 40
1F 301 16 000 303 0.53 - 0.80c 30
4Pd 295 41 000 0.9
Spectra were recorded in CH2Cl2 at 25 ◦C. aMaximum of excitation spectrum.
bValues according to ref. [96]. cValues for non-methylated fluorene according to
ref. [97] and [98]. dValues according to ref. [99].
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2.2 Results and Discussion
The distance between the 0,0- and 0,1-transitions varies between 150 and 180 meV.
Importantly, the fluorescence quantum yield ΦPL of both L6P and 3F is close to
unity.10 With increasing size of the π-system, the quantum yields seem to increase
only slightly (Table 2.1).
Figure 2.7. Cyclovoltammogram of 3F (top) and L6P (bottom) in CH2Cl2
(0.1 mol L-1 Bu4NPF6), dE/dt = 1 V s-1.
In addition to the optical properties, the electrochemical behavior of the newly
synthesized LOPPs has been investigated and compared to their respective com-
pounds. The cyclo-voltammograms of 3F (figure 2.7, top) and L6P (figure 2.7,
bottom) show that both compounds can reversibly be oxidized in two successive
one-electron steps to their respective radical cations and dications. The bridged
structure in L6P facilitates the first oxidation event, as it occurs at a 300 mV lower
oxidation potential as compared to 3F (table 2.2). Furthermore, the enhanced π-
Table 2.2. Oxidation potentials of investigated p-phenylenes.
Ea1p / V Ea2p / V ∆Eap / V
3F 0.793 1.009 0.216
L6P 0.492 0.778 0.286
L4P 0.687 1.193a 0.506
1F 1.276a – –
2F 0.894 1.248a 0.354
Potentials vs. Fc/Fc+ in CH2Cl2 (0.1 mol L-1 Bu4NPF6), dE/dt = 1 V s-1.
aIrreversible oxidation.
10Due to its low solubility, no fluorescence quantum yield could be determined for 6P by the
employed method.
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conjugation and therefore stronger coupling lead to a greater separation of the two
oxidation peaks (∆Eap ) in L6P (table 2.2). The same trends are observed when
comparing 2F with its bridged analogue L4P. Therefore, the completely bridged
structures become more electron-rich, which could in part be attributed to their
smaller HOMO–LUMO gap, and their radical cations are more stabilized by the
enhanced π-conjugation as compared to their dications. Furthermore, the number
of reversible one-electron oxidation steps of LOPPs as a function of the number of
phenylene units is basically the same as reported for oligofluorenes.[101, 102] Thus,
whereas the oxidation of 1F is irreversible, L4P forms a stable radical cation yet
undergoes an irreversible second electron transfer, and L6P exhibits two reversible
oxidation steps.
While performing the cyclovoltammetric measurements with L6P UV/vis absorp-
tion spectra were recorded (figure 2.8). The formation of the radical cation L6P+ is
indicated by a newly formed absorption band maximum located at 581 nm. Moving
to higher potential the absorption band of the dication L6P2+ can be observed with
a maximum at 1084 nm. Note that the spectral shape of the three species remains
rather similar as all three compounds display three maxima, due to vibronic transi-
tions, and the distance between the first and second absorption maximum remains
at about 180 meV.
Figure 2.8. Spectral change of L6P during electrochemical oxidation: formation
of radical cation and dication (c = 8 · 10−5 mol L-1 in CH2Cl2). Recorded in a
1 mm quartz cuvette using a platinum grid electrode, 0.1 mol L-1 Bu4NPF6, dE/dt
= 10 mV s-1, 0 −→ 1.3 −→ 0 V vs. Ag/AgNO3, spectra recorded every 70 mV.
Highlighted spectra at the beginning (red), at maximum absorption of the cation
(blue) and at maximum absorption of the dication (green). Inset: evolution of the
absorption at 406 nm (red, associated to L6P), 581 nm (blue, associated to L6P+)
and 1084 nm (green, associated with L6P2+).
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2.3 Conclusion
2.2.3 Thin Film Growth11
Thin films of L6P were prepared on Al2O3 (0001) substrates by OMBD in an UHV
(5 · 10−9 Torr) deposition chamber. The deposition rate as measured by a quartz
microbalance was 0.1 nm min-1. The substrate was kept at room temperature. The
morphology of a L6P submonolayer at a coverage of 0.27 is depicted in the atomic
force microscopy (AFM) image of figure 2.9. Extended flat molecular islands with
a height corresponding approximately to the length of the L6P are visible. Thus,
the islands are comprised of upright standing molecules. Such morphology is typical
for molecules crystallizing in a herringbone structure on chemically inert substrates
(such as sapphire). It was found also for 6P molecules deposited on ZnO (0001)[60]
and TiO2.[103]
Figure 2.9. AFM image of L6P deposited on an Al2O3 (0001) surface (top) and
the corresponding height profile (bottom).
2.3 Conclusion
A new synthetic route to yield even-numbered LOPPs has been developed based on
the use of a highly functionalized central fluorene building block. Direct comparison
with the structurally related non-bridged oligo(p-phenylene)s as well as partially
bridged oligofluorenes shows that the newly synthesized LOPPs exhibit outstanding
photophysical properties, such as sharp and intense optical transitions characterized
by narrow absorption bands and very small Stokes shifts as well as large extinction
coefficients and high fluorescence quantum yields. The origin of the observed optical
properties can clearly be linked to their rigid structure maximizing π-conjugation.
11Work in this section has been carried out by Dr. Sylke Blumstengel in the group of Prof.
Fritz Henneberger (HU Berlin, Institut für Physik).
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Furthermore, oxidation of LOPPs is more facile as compared to their non-bridged
counterparts. Initial investigations demonstrate that these materials are applicable
to OMBD techniques allowing the controlled generation of organic (ultra)thin films
on solid substrate surfaces.
However, in following experiments it turned out, that L4P, which is indeed res-
onant to ZnO, is applicable to OMBD, but it rather forms crytallites on oxide
surfaces, than closed, thin layers. In applied in a polymer matrix, it is too sensitive
to photooxidation in studies concerning the energy transfer.
2.4 Experimental
Absorption measurements were carried out on a Varian Cary 50 Bio UV/vis spec-
trometer in 1 cm quartz cuvettes. Fluorescence spectra were obtained on a Varian
Cary Eclipse spectrofluorimeter. Solutions of a concentration of about 10−6 mol L-1
(for dimethylfluorene 1F about 10−5 mol L-1) were used for the absorption mea-
surements. Perylene (Φ = 94%, ref. [97]) was used as reference for the measure-
ment of the fluorescence quantum yields. It was dissolved in cyclohexane, the other
products in CH2Cl2. The solutions were diluted 1 by 30 for the measurement of
fluorescence spectra. The reference solution was degassed with argon before carry-
ing out the measurements. Electrochemical measurements were carried out using
a HEKA-Elektronik PG310 potentiostat or an Autolab PGSTAT128N and an Ava
Spec-2048x14 spectrometer equipped with an Avalight-DH-S-BAL lamp. 1H-NMR
and 13C-NMR spectra were referenced to 7.26 ppm and 77.16 ppm, respectively, for
CDCl3 and 5.32 ppm and 53.8 ppm, respectively, for CD2Cl2. Thin films of L6P
were grown in an OMBD system by CreaPhys. The AFM image was recorded in
tapping mode with a Nanoscope 3a controller, Veeco, USA.
Organic Synthesis
3,6-Dibromophenanthrene-9,10-dione (2)
The literature procedure (ref. [89]) was adapted to large scale synthesis: Phenanthre-
ne-9,10-dione 1 (52 g, 250 mmol) and dibenzoyl peroxide (2 g, 8.3 mmol) were dis-
solved in nitrobenzene (250 mL). An initial amount of bromine (14.5 g, 90 mmol)
was added to the mixture and heated to 120 ◦C. When the formation of gaseous HBr
started, the remaining bromine (72 g, 450 mmol, in sum 86.4 g, 540 mmol) was added
drop-wise. After heating for one hour, the mixture was cooled and ethanol (250 mL)
was added. The precipitated product was filtered and washed with ethanol until the
washing solution turned colourless. After drying under vacuum 83.4 g (228 mmol,
91% yield) of 3,6-dibromophenanthrene-9,10-dione 2 were obtained as an orange
powder.
1H-NMR (500 MHz, CDCl3) δ [ppm] = 8.12 (d, J = 1.8 Hz, 2H), 8.07 (d, J = 8.3
Hz, 2H), 7.67 (dd, J = 8.3, 1.7 Hz, 2H).




The literature procedure(ref. [90]) was used: KOH (101 g, 2.2 mol) was dissolved in
150 mL of water and heated to 130 ◦C. Then, 3,6-dibromophenanthrene-9,10-dione
2 (61.9 g, 169 mmol) was suspended in the solution. After stirring for 30 min, the
mixture turned black and very viscous. Within a period of 2 h KMnO4 (141.5 g,
895 mmol) was added carefully. The mixture was stirred at 130 ◦C for one hour
and cooled to room temperature, followed by neutralization with concentrated sul-
furic acid. Sodium bisulfite was added carefully to the (slightly acidic!) mixture
until it turned light yellow. The precipitate was filtered off and washed with water.
3,6-Dibromo-9-fluorenone 3 (41.1 g, 121.6 mmol, 72% yield) was obtained as a light
yellow powder.
1H-NMR (500 MHz, CDCl3) δ [ppm] = 7.67 (d, J = 1.6 Hz, 2H), 7.55 (d, J = 7.8
Hz, 2H), 7.50 (dd, J = 7.8, 1.6 Hz, 2H).
3,6-Dibromofluorene (4)
The literature procedure(ref. [91]) was modified concerning workup and purification:
3,6-Dibromo-9-fluorenone 3 (33.8 g, 100 mmol) was dispersed in 300 mL of triethy-
lene glycol and hydrazine hydrate (100%, 21.8 mL, 450 mmol) was added. While
stirring overnight at 100 ◦C the solution slowly turned clear. Then, KOH (33 g in
90 mL of water) was added. Stirring was continued for 2 h at 130 ◦C. After cooling
to room temperature, the mixture was poured into 1.2 L of water and neutralized
with HCl. The orange precipitate was filtered off, dried and purified by sublimation
(10-3 mbar, heater at 220 ◦C). 3,6-Dibromofluorene 4 (20.2 g, 62.3 mmol, 62% yield)
was obtained as a nearly white solid.
1H-NMR (500 MHz, CDCl3) δ [ppm] = 7.87 (d, J = 1.7 Hz, 2H), 7.44 (dd, J = 8.0,
1.8 Hz, 2H), 7.40 (d, J = 8.0 Hz, 2H), 3.80 (s, 2H).
13C-NMR (126 MHz, CDCl3) δ [ppm] = 142.8, 142.3, 130.4, 126.7, 123.5, 121.2, 36.4.
3,6-Dibromo-9,9-dimethylfluorene (5)
The literature procedure (ref. [92]) was adapted to the substrate: 3,6-Dibromofluorene
4 (17.8 g, 55 mmol) was dissolved in dry THF (150 mL) and cooled to 0 ◦C. KOtBu
(18.5 g, 165 mmol), and after stirring for 10 min, CH3I (10.3 mL, 165 mmol) were
added. The solution was allowed to warm to room temperature and it was stirred
overnight. Then water was added and the mixture was extracted with ethyl acetate.
The organic phase was dried with MgSO4. Upon removing the solvent, the crude
product remained as an orange solid. Column chromatography (cyclohexane) gave
12.2 g (34.7 mmol, 63% yield) 3,6-dibromo-9,9-dimethylfluorene 5 as a white solid.
1H-NMR (500 MHz, CDCl3) δ [ppm] = 7.80 (d, J = 1.8 Hz, 2H), 7.45 (dd, J = 8.0,
1.8 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 1.45 (s, 6H).
13C-NMR (126 MHz, CDCl3) δ [ppm] = 152.7, 140.2, 130.9, 124.4, 123.6, 121.2,
46.8, 26.9.
3,6-Bis(methoxymethyl)-9,9-dimethylfluorene (6)
3,6-Dibromo-9,9-dimethylfluorene 5 (12 g, 34 mmol) was dissolved under argon in
200 mL of dry THF and the solution was cooled to -78 ◦C. n-BuLi (2.2 M in cy-
clohexane, 42 mL, 92 mmol) was added and the solution was stirred for 30 min.
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Then, chloromethyl methyl ether (MOM-Cl, 8.5 mL, 112 mmol) was added and
stirring was continued for 30 min at -78 ◦C and overnight (solution turned clear
after 10 min) at room temperature. The mixture was poured into water. It was
extracted with ethyl acetate, dried (MgSO4) and the solvent was removed. Column
chromatography (petroleum ether /ethyl acetate) gave 7.2 g (25.5 mmol, 75% yield)
of 3,6-bis(methoxymethyl)-9,9-dimethylfluorene 6.
1H-NMR (500 MHz, CDCl3) δ [ppm] = 7.73 (d, J = 0.7 Hz, 2H), 7.41 (d, J = 7.7
Hz, 2H), 7.29 (dd, J = 7.7, 1.3 Hz, 2H), 4.54 (s, 4H), 3.44 (s, 6H), 1.48 (s, 6H).
13C-NMR (126 MHz, CDCl3) δ [ppm] = 153.6, 139.5, 137.2, 127.1, 122.6, 119.7,
95.8, 75.1, 58.3, 46.7, 27.3.
2,7-Dibromo-3,6-bis(methoxymethyl)-9,9-dimethylfluorene (7)
The literature procedure(ref. [93]) was adapted to substrate 6: In 30 mL of propylene
carbonate 3,6-bis(methoxymethyl)-9,9-dimethylfluorene 6 (1.9 g, 6.7 mmol) was dis-
solved and N-bromosuccinimide (NBS) (2.4 g, 13.4 mmol) was added. The mixture
was stirred for 16 h at 60 ◦C. Then, water was added and the precipitate was filtered
off. Purification by column chromatography (petroleum ether/ethyl acetate) gave
2.5 g (5.7 mmol, 85% yield) of 2,7-dibromo-3,6-bis(methoxymethyl)-9,9-dimethyl-
fluorene 7 as a colorless solid.
1H-NMR (500 MHz, CDCl3) δ [ppm] = 7.82 (s, 2H), 7.57 (s, 2H), 4.59 (s, 4H), 3.53
(s, 6H), 1.46 (s, 6H).
13C-NMR (126 MHz, CDCl3) δ [ppm] = 154.4, 138.0, 136.6, 127.1, 121.8, 120.7,
74.3, 58.9, 47.1, 27.1.
Dimethyl 2,7-dibromo-9,9-dimethylfluorene-3,6-dicarboxylate (8)
The literature procedure (ref. [94]) was adapted to substrate 7: In 10 mL of CH2Cl2
2,7-dibromo-3,6-bis(methoxymethyl)-9,9-dimethyl-fluorene 7 (0.16 g, 0.36 mmol),
benzyltriethylammonium chloride (TEBAC) (0.49 g, 2.16 mmol) and KMnO4 (0.34 g,
2.16 mmol) were dissolved and stirred for 5 h at reflux. Then an aqueous solution
of sodium thiosulfate was added until the purple color disappeared. The mixture
was extracted with CH2Cl2, dried (MgSO4) and the solvent was removed. Column
chromatography (cyclohexane/ethyl acetate) gave 0.15 g (0.32 mmol, 89% yield) of
dimethyl 2,7-dibromo-9,9-dimethylfluorene-3,6-dicarboxylate 8.
1H-NMR (500 MHz, CDCl3) δ [ppm] = 8.13 (s, 2H), 7.69 (s, 2H), 3.97 (s, 6H), 1.48
(s, 6H).
13C-NMR (126 MHz, CDCl3) δ [ppm] = 166.7, 157.7, 136.9, 131.4, 129.2, 123.3,
121.5, 52.7, 47.8, 26.6.
2-Bromo-9,9-dimethylfluorene (9)
2-Bromofluorene (10 g, 40.8 mmol) was dissolved in 200 mL of DMSO and cooled to
0 ◦C. Then, CH3I (6.1 mL, 97.9 mmol), TEBAC (0.46 g, 2 mmol) and 25 mL of 50%
aqueous NaOH were added. After stirring for 30 min, the solution was poured into
water and extracted with ethyl acetate. The organic phase was washed with diluted
HCl, dried with MgSO4 and the solvent was removed. Column chromatography




1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.73 - 7.68 (m, 1H), 7.61 - 7.57 (m, 2H),
7.50 - 7.42 (m, 2H), 7.38 - 7.33 (m, 2H), 1.49 (s, 6H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 155.8, 153.4, 138.3, 138.2, 130.2, 127.8, 127.3,
126.2, 122.8, 121.5, 121.1, 120.2, 47.2, 27.1.
Terfluorene (10)
General procedure for the Suzuki coupling: 2-Bromo-9,9-dimethylfluorene 9 (4.8 g
17.5 mmol) was dissolved under an argon atmosphere in 50 mL of dry THF and
cooled to -78 ◦C. Subsequently n-BuLi (2.2 M in cyclohexane, 8.9 mL, 19.6 mmol)
was added and the mixture was stirred for 30 min. It turned brown and turbid.
Upon adding tributylborate (5.7 mL, 21 mmol), the solution was stirred for one
hour at room temperature.
Meanwhile dimethyl 2,7-dibromo-9,9-dimethylfluorene-3,6-dicarboxylate 8 (3.3 g,
7 mmol) was dissolved in 50 mL of THF and degassed using argon. Then, Pd(PPh3)4
(0.65 g, 0.56 mmol) was added. After stirring for 15 min, 40 mL of 2 M aq. sodium
carbonate solution was added and the temperature was raised to 60 ◦C.
Both solutions were combined and stirred overnight at 60 ◦C. After cooling to room
temperature, water was added and the mixture was extracted with ethyl acetate.
The organic phase was dried (MgSO4) and the solvent was removed. The crude prod-
uct was first purified by column chromatography and then dissolved in a mixture of
CH2Cl2 and ethyl acetate. The CH2Cl2 was removed under reduced pressure and
the product precipitated. Upon filtration and drying under vacuum 3.6 g (5.2 mmol,
74% yield) of terfluorene 10 were obtained.
1H-NMR (500 MHz, CDCl3) δ [ppm] = 8.26 (s, 2H), 7.81 (d, J = 8.1 Hz, 2H), 7.80
- 7.77 (m, 2H), 7.56 (s, 2H), 7.50 - 7.46 (m, 2H), 7.46 - 7.42 (m, 4H), 7.41 - 7.33 (m,
4H), 3.67 (s, 6H), 1.61 (s, 6H), 1.56 (s, 12H).
13C-NMR (126 MHz, CDCl3) δ [ppm] = 169.9, 156.9, 153.9, 153.7, 142.5, 140.8,
139.0, 138.6, 137.4, 130.9, 127.5, 127.4, 127.2, 125.1, 123.0, 122.8, 122.0, 120.3,
120.0, 52.2, 47.8, 47.0, 27.4, 27.1.
Dimethyl 2,7-diphenyl-9,9-dimethylfluorene-3,6-dicarboxylate (13)
Starting from bromobenzene 12 (0.47 g, 3 mmol) and dimethyl 2,7-dibromo-9,9-
dimethylfluorene-3,6-dicarboxylate 8 (0.47 g, 1 mmol), 0.42 g (0.91 mmol, 91% yield)
dimethyl 2,7-diphenyl-9,9-dimethylfluorene-3,6-dicarboxylate 13 was obtained with-
out the above mentioned crystallization step.
1H-NMR (500 MHz, CDCl3) δ [ppm] = 8.24 (s, 2H), 7.47 - 7.42 (m, 6H), 7.41 - 7.37
(m, 6H), 3.69 (s, 6H), 1.54 (s, 6H).
13C-NMR (126 MHz, CDCl3) δ [ppm] = 169.2, 156.8, 142.5, 141.7, 137.3, 130.3,
128.4, 128.1, 127.3, 125.2, 121.9, 52.0, 47.6, 26.9.
Terfluorene diol (11)
General procedure for the reaction of diesters with Grignard reagents to diols: Ter-
fluorene 10 (0.9 g, 1.3 mmol) was dissolved in 50 mL of dry THF under argon and
CH3MgI (3 M in diethyl ether, 10.8 mL, 32.5 mmol) was added. After refluxing for
2 h, water was added and the mixture was extracted with diethyl ether. The organic
phase was dried with MgSO4 and the solvent was removed. Column chromatogra-
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phy (cyclohexane/ethyl acetate) gave 0.40 g (0.58 mmol, 44% yield) of terfluorene
11.
1H-NMR (500 MHz, CD2Cl2) δ [ppm] = 8.16 (s, 2H), 7.80 - 7.76 (m, 4H), 7.51 -
7.46 (m, 4H), 7.36 (m, 6H), 7.21 (s, 2H), 2.12 (s, 2H), 1.53 (s, 12H), 1.52 (s, 12H),
1.49 (s, 6H).
13C-NMR (75 MHz, CD2Cl2) δ [ppm] = 154.2, 153.5, 152.0, 146.3, 143.7, 140.0,
139.2, 138.6, 138.3, 129.0, 127.7, 127.4, 126.6, 124.8, 123.0, 120.3, 119.5, 117.8, 74.4,
47.2, 46.8, 33.0, 27.4, 27.2.
2,7-Diphenyl-3,6-bis(1,1-dimethylhydroxymethyl)-9,9-dimethylfluorene
(14)
Starting from dimethyl 2,7-diphenyl-9,9-dimethylfluorene-3,6-dicarboxylate 13 (0.4 g,
0.87 mmol), 0.08 g (0.17 mmol, 20% yield) of 2,7-diphenyl-3,6-bis(1,1-dimethylhy-
droxymethyl)-9,9-dimethylfluorene 14 were obtained.
1H-NMR (500 MHz, CD2Cl2) δ [ppm] = 8.10 (s, 2H), 7.43 - 7.36 (m, 10H), 7.10 (s,
2H), 1.82 (s, 2H), 1.51 (s, 12H), 1.43 (s, 6H).
Ladder-type sexiphenyl (L6P)
General procedure for the intramolecular Friedel–Crafts reaction to ladder-type p-
phenylenes according to ref. [69]: terfluorene 11 (0.4 g, 0.57 mmol) was dissolved in
50 mL of CH2Cl2 and BF3 ·THF (50% in THF, 1.9 mL, 8.5 mmol) was added. After
stirring for 30 min at room temperature, ethanol and aqueous NaHCO3 were added.
The organic phase was concentrated and the product was separated by centrifuga-
tion. The yellowish precipitate was washed with ethyl acetate several times. Finally,
0.28 g (0.42 mmol, 75% yield) of the ladder-type sexiphenyl L6P were obtained.
1H-NMR (500 MHz, CDCl3) δ [ppm] = 7.84 (s, 6H), 7.80 - 7.77 (m, 4H), 7.46 (d, J
= 7.3 Hz, 2H), 7.36 (td, J = 7.4, 0.9 Hz, 2H), 7.31 (td, J = 7.2, 0.9 Hz, 2H), 1.66
(s, 6H), 1.65 (s, 12H), 1.59 (s, 12H).
13C-NMR (126 MHz, CDCl3) δ [ppm] = 154.2, 153.8, 153.8, 153.7, 153.3, 139.7,
139.3, 139.0, 138.9, 138.6, 127.1, 127.0, 122.7, 119.8, 114.3, 114.0, 114.0, 113.9, 46.7,
46.5, 29.9, 27.9, 27.6.
Ladder-type quarterphenyl (L4P)
Starting with 2,7-diphenyl-3,6-bis(1,1-dimethylhydroxymethyl)-9,9-dimethylfluorene
14 (0.07 g, 0.15 mmol), 0.03 g (0.07 mmol, 47% yield) of the ladder-type quarter-
phenyl L4P were obtained after recrystallization from ethyl acetate.
1H-NMR (500 MHz, CDCl3) δ [ppm] = 7.83 (s, 2H), 7.79 - 7.76 (m, 4H), 7.46 (d, J
= 7.2 Hz, 2H), 7.36 (td, J = 7.4, 1.2 Hz, 2H), 7.31 (td, J = 7.3, 1.1 Hz, 2H), 1.62
(s, 6H), 1.58 (s, 12H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 154.0, 153.6, 153.1, 139.5, 139.0, 138.5, 127.0,
126.9, 122.6, 119.7, 114.2, 113.9, 46.6, 46.3, 27.7, 27.4.
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3 Gradual Fluorination of Ladder-type
Quarterphenyl12
3.1 Introduction
The introduction of fluorine into organic molecules has received ever-increasing at-
tention over the years[105] due to the advantageous properties of fluorinated com-
pounds with regard to their use in positron emission tomography[106, 107] and their
unique noncovalent interactions[108–110] in biological environments as well as man-
made materials. Thereby, the unique C-F bond imparts enhanced chemical stability
(e.g., Teflon) and strongly altered electronic properties, and therefore, fluoroorganic
chemistry has made vital contributions to materials chemistry in general and to or-
ganic electronics in particular. This is exemplified by the use of the perfluorinated
versions of pentacene or tetracyanobenzoquinone (TCNQ), namely, perfluoropen-
tacene and F4-TCNQ, as n-type semiconductors[111] or strongly accepting dopants
for organic semiconductors,[112, 113] respectively.
For fluorene-type structures, there is one example of perfluorinated oligomers of 9,9-
dimethylfluorene, which exhibits good electron mobility.[114] In the case of LPPPs,
which offer enhanced optical properties compared with nonbridged polyfluorenes,
both substituents in the benzylic methylene positions are typically functionalized
with aryl or alkyl groups,[83] in some cases also with a ketone.[72] To the best of my
knowledge, there is only one report of fluorination, namely, in the case of indenoflu-
orene.[115] This is surprising because fluorination in these positions is supposed to
Figure 3.1. Ladder-type quarterphenyls (L4Ps) with increasing fluorine content
studied herein.
12This chapter has already been published in a similar manner in ref. [104].
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have a larger impact on the electronic structure than at an aromatic position, since
p-π repulsion in fluorine bound to sp2 carbon has a destabilizing effect. In partic-
ular, negative charges are better stabilized by trifluoromethyl groups and the same
argument should also be valid for the difluoromethylene groups discussed herein.13
Furthermore, the introduction of the fluorine substituent by nucleophilic substitu-
tion is straightforward.[116]
To investigate the influence of fluorine substitution on the molecular and assembly
structure, and the resulting optical and electrochemical properties of LPPPs, we de-
veloped a series of ladder-type quarterphenyls (L4Ps), in which symmetry-equivalent
methyl groups were gradually substituted by fluorine (figure 3.1). Herein, we report
on the synthesis of the respective successively fluorinated derivatives L4P-F2, L4P-
F4, and L4P-F6, and compare their optical spectra and redox properties with the
parent L4P. Furthermore, their structure in the crystalline solid is discussed.
3.2 Results and Discussion
3.2.1 Synthesis
In general, the synthesis of L4Ps involves two mayor steps: cross-coupling of a
central fluorene unit with two terminal phenyl units, and subsequent twofold in-
tramolecular annulation in a Friedel-Crafts-type reaction. In the more simple case,
the bridging functionality is originally located on the outer, typically less-substituted
phenyl units and attacks the central fluorene unit (“out-side→in”), but occasionally
it is necessary to reverse the direction of annulation (“inside→out”). Furthermore,
it is useful to achieve as much of the final functionalization as possible prior to the
bridging reaction due to the dramatically decreased solubility of the formed L4Ps.
Nevertheless, in our syntheses, the introduction of fluorine substituents was carried
out after planarization of the π-system, since ketones L4P-O and L4P-O214 could
be readily converted into the difluoromethylene derivatives. The fluorination pro-
tocol via 1,3-dithiolanes was adapted from that reported by Katzenellenbogen and
Sondej,[116] yet the procedure was simplified. Reactions were carried out in air
between 0 ◦C and room temperature using low-cost polypropylene vials.
The synthesis of L4P has already been described.[78] For the synthesis of the two
partially fluorinated derivatives L4P-F2 and L4P-F4 (figure 3.2), ketone L4P-O
and diketone L4P-O2 served as the key starting materials. In the first step, the
ketones were transformed into the corresponding 1,3-dithiolanes 1 and 2 in excellent
yields. The conversion of 1 and 2 to the di- and tetrafluoride, respectively, was car-
ried out using 70 % HF/pyridine and N-iodosuccinimide (NIS) as the oxidant. The
use of other reagents, such as NBS, gave rise to additional electrophilic substitution
at the aromatic core. Both products L4P-F2 and L4P-F4 were obtained in good
yields and fully characterized, including X-ray single-crystal structural analyses (see
below).
13These effects can be explained by ’negative hyperconjugation’ and ’the special fluorine effect’
described in ref. [105] pp. 48 - 50
14The synthesis of the ketones L4P-O and L4P-O2 is described in ref. [117] and will be
discussed in the following chapter.
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Figure 3.2. Synthesis of a) L4P-F2 and b) L4P-F4.
The synthesis of L4P-F6 turned out to be more complicated, although the indi-
vidual reaction steps were similar to the ones discussed above. Initially, a route
involving standard bridging from the terminal phenyl units to the central fluorene,
that is, “outside→in”, was attempted (figure 3.3). Therefore, 9,9-difluorofluorene 3
was coupled to iodobenzoate 4 to give the corresponding diester 5.15 A sequence
of ester hydrolysis, followed by twofold Friedel-Crafts acylation, conversion to the
corresponding 1,3-dithiolanes, and final fluorination was attempted, yet due to their
very low solubility none of the products could be purified and analyzed in a satis-
factory way. In particular, it remains unclear whether the twofold intramolecular
Friedel-Crafts reaction involving the electron-deficient difluorofluorene core was suc-
cessful or if isomers or different side products were formed.
To prevent detrimental deactivation in the electrophilic aromatic substitution
step, the ester groups were placed at the central fluorene unit, and therefore, the
direction of the bridging reaction was reversed, that is, “inside→out” in key interme-
diate 12 (figure 3.4). In addition, only the desired L4P products and no structural
isomers can be formed due to the equivalence of the ortho positions of the terminal
phenyl units. Therefore, the main challenge of this route is the synthesis of the
central fluorene unit, which carries functionalities for cross-coupling and bridging as
well as the desired fluorine substitution. In the case of fluorene, direct functional-
15Protocols for cross-coupling were adapted from ref. [118].
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Figure 3.3. Attempted synthesis of L4P-F6.
ization of the 3- and 6-positions cannot be achieved; hence 3,6-dibromofluorenone
6 was used, which could be prepared from 3,6-dibromophenanthrenequinone.[90]
3,6-Dibromofluorenone 6 was converted into dithiolane 7 in quantitative yield, fol-
lowed by reaction with 70 % HF/pyridine and NIS to give difluoride 8. Subsequent
halogen-metal exchange and quenching with chloromethyl methyl ether yielded di-
ether 9. In the next step, bromination was complicated due to the electron-deficient
nature of the 9,9-difluorofluorene moiety. Most of the tested bromination conditions
either led to no reaction or to decomposition of the substrate by defluorination.
Figure 3.4. Synthesis of L4P-F6.
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Luckily, the use of dibromoisocyanuric acid (DIB)[119] in acetic acid, employing cat-
alytic amounts of methanesulfonic acid, provided dibromide 10 in moderate yields.
Then, the two ether functionalities were oxidized to give diester 11, which was
coupled with phenylboronic acid to yield 12. The final reaction steps had to be
carried out without intermediate purification and analysis due to the low solubility
of the formed L4P scaffold: First, the diester was saponified and a Friedel-Crafts
acylation was performed to give a red-pinkish powder. Subsequent conversion to
the bis(dithiolane) needed to be performed in tetrachloroethane at elevated tem-
peratures, whereupon the color of the product vanished. Finally, fluorination was
carried out using our established conditions to yield the target compound as a crude
product with low solubility. After several steps of column chromatography with
preheated solvents and recrystallization, L4P-F6 could be isolated in low yield and
was successfully characterized.
3.2.2 Molecular Structure and Packing in the Crystal16
X-ray diffraction is able to yield high-resolution images of each molecule’s chemi-
cal structure and in addition, yet often neglected, it provides detailed insights into
the supramolecular organization of the crystalline solid. Besides the intrinsic elec-
tronic structure at the molecular level, the solid-state structure is key to harnessing
the macroscopic material properties, in particular related to charge injection and
transport. Of course, a necessary precondition to utilize X-ray diffraction is the
availability of crystalline material, ideally single crystals. Gratifyingly, for three
of the four compounds (figure 3.1), crystals suitable for X-ray analysis could be
grown from solutions in THF or CHCl3/ethanol. The resulting crystal structures of
L4P, L4P-F2, and L4P-F4 reveal that the aromatic system in all three of these
molecules is planar (figure 3.5). Otherwise, the measured bond lengths and angles
show no noticeable deviation from commonly observed values in related systems.
Analysis of the molecular packing shows that there are no similarities between the
intermolecular arrangements in the three crystal structures. In L4P, the voids be-
tween molecules within the crystal packing are filled by (disordered) THF molecules,
forming channels in the crystallographic a direction (figure 3.6). The shortest
intermolecular interactions between methyl groups and the centers of gravity of
the aryl rings, belonging to symmetry-equivalent neighboring molecules, amount to
3.5389(16) and 3.7487(16) Å (C28 to Cg C25*→C30* and C6 to Cg C1**→C5**,
respectively, in which * defines the symmetry operation −1/2+X, 1/2−Y,−Z and
** defines the symmetry operation 1/2 +X, Y, 1/2− Z).
L4P-F2 crystallizes in a herringbone structure with a herringbone angle of 90 ◦
(figure 3.7a). The offset of the molecules along their long axis is such that the flu-
orine atoms are always pointing into the gap between two other molecules (figure
3.7b). The shortest intermolecular contacts amount to 2.63 and 2.75 Å, respectively
(F1-H15*, F2-H15*), and no classical hydrogen bonds are present. The space filling
16Collection of diffraction data and crystal structure refinement were carried out by Dr. Beatrice
Braun and Dr. Stefan Mebs (HU Berlin, Institut für Chemie).
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Figure 3.5. Atomic displacement parameters (ADP) plots[120] of the crystal struc-
tures of a) L4P (CCDC 985904), b) L4P-F2 (CCDC 985905), and c) L4P-F4
(CCDC 985906). The ellipsoids are drawn at the 50 % probability level.
Figure 3.6. Packing of the L4P molecules within the unit cell: View along the a
axis. Disordered THF molecules are excluded for clarity.
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Figure 3.7. Packing of the L4P-F2 molecules within the unit cell: a) View along




Figure 3.8. Packing of L4P-F4 within the unit cell: a) view along the crystallo-
graphic c axis, showing the layered structure, and b) along the b direction, showing
the structural offset.
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is 66.4%.
L4P-F4 crystallizes in a layered structure (figure 3.8a). Within each layer, all
molecular dipoles are more or less oriented in a parallel manner, yet between two
adjacent layers the dipoles are oriented in an antiparallel fashion. This gives rise to
the fact that the planes of the π-systems coincide with mirror planes. The distance
between individual layers is 3.46 Å (figure 3.8a) and the stacked molecules exhibit
an offset (Figure 3.8b). There are short intermolecular contacts between F and
CH3 substituents: 2.62 Å (F1-H28a*, in which * refers to the symmetry operation
−1/2+x, 1/2−y, 1/2−z) and 2.75 Å (F2-H20**, in which ** refers to the symmetry
operation 1 − x,−1/2 + y, 1 − z). No classical hydrogen bonds are present. The
space filling is 68.8%.
At first, the C-H· · ·F interactions, with distances ranging from 2.62 to 2.75 Å and
being associated with an estimated gain in interaction energy in the order of 1
kJ/mol, do not seem to be significant. However, since other dominating interactions
are absent, one can try to explain the structure formation in the series of compounds
by several small contributions.[108, 109] Looking at L4P-F2, the edge-to-face ori-
entation leads to a stabilizing interaction between the rather negatively polarized
aromatic core and the positively polarized periphery of the aromatic system. A
destabilizing interaction between fluorine and the core of the aromatic hydrocarbon
is avoided by the offset of half a length of a molecule and in addition weak C-H· · ·F
contacts are formed. In contrast, one can hardly imagine a herringbone-like struc-
ture of L4P-F4 without F-π interactions. Furthermore, the molecular dipole of
L4P-F4 is expected to be larger, and hence, the combination of these effects can
explain the observed antiparallel face-to-face orientation.
3.2.3 Electrochemistry17
The introduction of fluorine into conjugated organic compounds has a large influence
on the energy levels, which have to be matched with other materials and interfaces
to achieve the desired functions in organic electronic devices. By means of cyclic
voltammetry, one can determine the oxidation and reduction potentials in solution,
and thereby, get a relative measure for the position of the relevant frontier molec-
ular orbital levels. Several solvents have been employed during the course of the
measurements, since both the solubility of the sample and sufficient electrochemical
inertness of the solvent have to be assured.
Although the first one-electron reduction of L4P was reversible or quasi-reversible in
all of the used solvents, it was irreversible for the fluorinated counterparts (figure 3.9
and Table 3.1). The generated radical anion probably undergoes further chemical
transformations, potentially fluoride dissociation. Because of the irreversible nature
of the reduction, the comparability between the potential measured and the actual
position of the LUMO is limited. Regarding the reduction potentials in THF, there
is a relatively large gap between L4P and L4P-F2, as well as between L4P-F4 and
L4P-F6 (∆Ecp ≈ 400 - 500 mV). In contrast, the gap between L4P-F2 and L4P-F4
17Electrochemical measurements were carried out by Dr. Lutz Grubert (HU Berlin, Institut für
Chemie).
50
3.2 Results and Discussion
Figure 3.9. Cyclic voltammetry results for L4P, L4P-F2, L4P-F4, and L4P-F6
(0.1 mol L-1 Bu4NPF6; dE/dt = 1 V s-1). a) Cathodic, 10−3 mol L-1 or saturated in
DMF, b) anodic, 10−3 mol L-1 or saturated in acetonitrile.
is much smaller (∆Ecp = 130 mV). Accordingly, the influence of the central fluorine
substitution seems to be stronger than that in the terminal position. The position of
the LUMO of L4P can be approximated to be situated between -1.8 and -2.0 eV.18
The overall potential shift between L4P and L4P-F6 is significant (approximately
1 V), and thus, it is reasonable to assume that the LUMO shifts by at least 1 eV.
Due to the irreversible nature of the electrochemical reduction, an estimation of the
actual LUMO was hindered. When carrying out the measurements in acetonitrile
and DMF, the findings were similar (table 3.1).
Of the three suitable solvents employed, only acetonitrile (figure 3.9b) was some-
what suited to investigate the oxidation behavior of the compounds. In acetonitrile,
Table 3.1. Reduction and oxidation potentials (vs. the ferrocene couple Fc/Fc+)
as well as frontier molecular orbital levels of the investigated compounds.
Ecp (THF) Ecp (MeCN) Ecp (DMF) Eap (MeCN) EHOMO iii ELUMO iv
V V V V eV eV
L4P -3.006 - -2.814 0.797 -5.6 -2.2v
L4P-F2 -2.532i -2.482i -2.496i 1.045 -5.8 -2.4
L4P-F4 -2.400i -2.249i -2.372i 1.192 -6.0 -2.6
L4P-F6 -1.994i -1.859i -1.944i 1.2i,ii - -
iIrreversible peak. iiLow-intensity signal. iiiEstimated from reversible reduction
waves using ELUMO = −4.8 − Ecp (vs. Fc/Fc+)[121]. ivEstimated using ELUMO =
EHOMO + optical gap (from UV/Vis absorption spectroscopy). vAlternatively, using
the (quasi)reversible reduction potential in DMF and ELUMO = −4.8 − Ecp (vs.
Fc/Fc+),[121] yields an estimated LUMO level at -2.0 eV.
18The frontier orbital level can be estimated by subtracting the (reversible) peak potential from
-4.8 eV (ELUMO = −4.8− Ecp vs. Fc/Fc+) according to ref. [121].
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L4P, L4P-F2, and L4P-F4 undergo reversible one-electron oxidation steps and
the trend of the potentials is similar to that observed for their reduction. Notably,
the value measured for L4P-F6 has to be considered with great care due to the
compound’s low solubility in acetonitrile.
3.2.4 Optical Properties
The influence of fluorine substitution on the optical properties of conjugated or-
ganic molecules may be very variable. Depending on the interplay of the opposing
-I and the + M effects, that is, σ-accepting versus π-donating properties of fluorine,
a change in the position of the absorption bands (hypso- or bathochromic shifts),
their widths (broadening), and their extinction coefficients (hypo- or hyperchromic-
ity) may occur.[122, 123]
Non-fluorinated L4P (figure 3.10, table 3.2, black lines) has an absorption maximum
at 369 nm (3.4 eV) with ε = 100000 L mol-1 cm-1. The absorption and emission
spectra of L4P display a relatively narrow vibronic fine structure; the first 0,0-
transition is the most intense (see table 3.3). The fluorescence quantum yield in
solution (CH2Cl2) is practically unity (Φ ≈ 1). In the case of L4P-F2 and L4P-F4
(Figure 3.10, red and green lines, respectively), the first two vibronic bands have
about the same intensity between ε = 55000 and 60000 L mol-1 cm-1 and are slightly
hypsochromically shifted with respect to L4P. For L4P-F4, the absorption and
emission spectra are as expected mirror images of each other, whereas, in the case
of L4P-F2, the intensity variation of the vibronic bands in both spectra is com-
pletely opposite to what would be expected based on the mirror image rule. Perhaps
more importantly, the fluorescence quantum yield decreases significantly and is be-
Figure 3.10. Absorption (solid line, ≈ 10−5 mol L-1; 4 · 10−6 mol L-1 for L4P-
F6) and emission (dotted line, normalized to the corresponding absorption maxima,
≈ 5 · 10−7 mol L-1 for L4P and L4P-F6; ≈ 10−5 mol L-1 for L4P-F2 and L4P-F4)
spectra of L4P, L4P-F2, L4P-F4, and L4P-F6 in CH2Cl2.
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low 1 % in both cases, that is, L4P-F2 and L4P-F4. The optical properties of
L4P-F6 are quite different from the other derivatives. The first intense vibronic
transition is hypsochromically shifted to about the same position as the second tran-
sition of the other molecules. However, there is also a broad shoulder tailing far into
the visible region. The emission spectrum is broad without vibronic fine structure
and the most bathochromically shifted of all three derivatives. L4P-F6 displays a
fluorescence quantum yield of about 20 %. Furthermore, all three of the fluorinated
molecules exhibit a strongly enhanced transition between 4.5 and 5 eV that is most
likely associated with the S2 excited state.
Considering the changes in the optical properties upon fluorine substitution, again
the influence of the substituent on the central methylene bridge seems to be stronger
than that of the outer ones. Already L4P-F2 differs more strongly from L4P than
L4P-F4. Surprisingly, the fluorescence quantum yield of L4P-F6 is far higher
than those for the mixed substituted molecules, although the spectral features are
mostly altered. At this point, it can only speculated about potential reasons for
the observed behavior, which may be a result of the stronger dipole perpendicular
to the optical transition in the L4P-Fx, relative to L4P, which, together with the
mesomeric and inductive effects, could cause an alteration to the electronic and vi-
brational states.[122, 123]
Table 3.2. Absorption data of investigated compounds.
compound solvent λmax / nm ϵmax / 103 L mol-1 cm-1
(λ / nm)
L4P CH2Cl2 369, 350, 319 104 (369)
L4P-F2 CH2Cl2 364, 349, 264 56 (364)
L4P-F4 CH2Cl2 363, 346, 258 59 (363)
L4P-F6 CH2Cl2 348, 333, 263 59 (348)
λmax: Absorption maxima; ϵmax (λ): Absorption maximum and corresponding wave-
length.
Table 3.3. Emission data of investigated compounds.
compound solvent λEm / nm λEx / nm λEx / nm ΦPL
(Φ) (Graph)
L4P CH2Cl2 374, 395 354 354 1.0
L4P-F2 CH2Cl2 376, 415 354 350 <0.01
L4P-F4 CH2Cl2 378, 408 354 350 <0.01
L4P-F6 CH2Cl2 434 354 354 0.2
λEm: Emission maxima; λEx (Φ): Excitation wavelength for the determination of
the quantum yield; λEx (Graph): Excitation wavelength for the production of the
graph; ΦPL: Photoluminescence quantum yield.
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3.3 Conclusions
Four different L4Ps with varying degrees of fluorination in their three benzylic
methylene bridge positions, namely, L4P-Fn (n = 0, 2, 4, 6), have been pre-
pared. The increasing amount of fluorine, leading to a dipole orthogonal to the
long axis of the molecule, had a strong influence on its packing in the crystalline
phase. The introduction of fluorine led to largely decreased reduction potentials
by up to 1 eV in the case of L4P-F6, compared with L4P. Fluorination further-
more affected the relative intensities of vibronic transitions and their positions in
the absorption and emission spectra and led to largely reduced fluorescence quan-
tum yields. With regard to both electrochemical and optical properties, fluorination
of the central methylene bridge seemed to have a more pronounced effect than flu-
orination of the terminal methylene groups. Concerning potential applications of
these and related fluorinated derivatives, we conclude that they are not suitable as
emitters in OLED-type devices due to their poor fluorescence quantum yields, yet
their low-lying LUMO levels and the possibility to engineer their packing behavior
might render them interesting for other organic electronic applications.
3.4 Experimental
3.4.1 Organic Synthesis
1H-NMR and 13C-NMR spectra were referenced to 7.26 ppm and 77.16 ppm, respec-
tively, for CDCl3 and 5.32 ppm and 53.8 ppm, respectively, for CD2Cl2. 19F-NMR-
spectra were referenced to 0.00 ppm for CFCl3.
12,12,15,15-Tetramethyl-12,15-dihydrospiro[cyclopenta[2,1-b:3,4-
b’ ]difluorene-6,2’-[1,3]dithiolane] (1)
Ethane dithiol (0.25 mL, 8.28 g, 3 mmol) and 50% BF3·THF (0.33 mL, 0.42 g,
1.5 mmol) were added to a stirred suspension of L4P-O (0.41 g, 1.0 mmol) in
CH2Cl2 (20 mL) and stirring was continued over night at room temperature. Then,
aqueous NaOH (≈ 10%) was added to the mixture, which had turned colorless be-
fore. After stirring for another hour, the mixture was extracted with CH2Cl2. The
organic phase was dried (MgSO4) and the solvent was removed. Dithiolane 1 (0.49 g,
1.0 mmol) was obtained as a nearly colorless solid in quantitative yield.
1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 8.04 (d, J = 0.7 Hz, 2H), 7.82 - 7.77 (m,
2H), 7.76 (d, J = 0.7 Hz, 2H), 7.50 - 7.45 (m, 2H), 7.41 - 7.30 (m, 4H), 3.93 (s, 4H),
1.56 (s, 12H).
13C-NMR (75 MHz, CD2Cl2) δ [ppm] = 155.3, 154.4, 150.9, 140.0, 139.3, 138.5,
127.6, 127.4, 123.0, 120.3, 117.1, 114.2, 47.0, 43.0, 27.5.
6,6-Difluoro-12,12,15,15-tetramethyl-12,15-dihydro-6H -cyclopenta
[2,1-b:3,4-b’ ]difluorene (L4P-F2)
In a polypropylene screw-cap beaker a suspension of NIS (0.47 g, 2.1 mmol) in
CH2Cl2 (20 mL) was cooled to 0 ◦C and 70% HF/pyridine (0.51 mL, 0.56 g, 20 mmol
54
3.4 Experimental
HF) was added. Then, 1 (0.49 g, 1.0 mmol) was added and the mixture was stirred
for 15 min, followed by the addition of an excess of basic alumina. The mixture
was diluted with CH2Cl2 and filtered through a pad of silica. The resulting solution
was washed with aqueous Na2S2O3 and subsequently with aqueous NaHCO3. The
organic phase was dried (MgSO4) and the solvent was removed. The crude product
was purified by column chromatography (petroleum ether bp. 40 – 60 ◦C / CH2Cl2)
to give L4P-F2 (0.37 g, 0.85 mmol, 85% yield) as a colorless solid.
1H-NMR (300 MHz, CDCl3) δ (ppm) = 7.97 (s, 2H), 7.80 - 7.73 (m, 2H), 7.68 (s,
2H), 7.49 - 7.42 (m, 2H), 7.42 - 7.31 (m, 4H), 1.57 (s, 12H).
1H-NMR (300 MHz, CD2Cl2) δ (ppm) = 8.00 - 7.95 (m, 2H), 7.81 - 7.76 (m, 2H),
7.74 (d, J = 0.8 Hz, 2H), 7.51 - 7.45 (m, 2H), 7.42 - 7.33 (m, 4H), 1.56 (s, 12H).
13C-NMR (75 MHz, CD2Cl2) δ (ppm) = 158.7 (s), 154.2 (s), 140.4 (s), 139.5 (t,
J = 5.1 Hz), 138.6 (s), 138.0 (t, J = 25.1 Hz), 128.1 (s), 127.6 (s), 123.0 (s), 120.5
(s), 115.7 (s), 115.2 (s), 47.4 (s), 27.1 (s).
19F-NMR (282 MHz, CD2Cl2) δ (ppm) = -110.53 (s).
6’,6’-Dimethyl-6’H -dispiro[[1,3]dithiolane-2,12’-cyclopenta[2,1-b:3,
4-b’ ]difluorene-15’,2”-[1,3]dithiolane] (2)
A solution of L4P-O2 (0.33 g, 0.83 mmol), ethane dithiol (0.35 mL, 0.39 g, 4.15 mmol),
and 50% BF3·THF (0.92 mL, 1.16 g, 4.15 mmol) in CHCl3 (40 mL) was refluxed
over night, whereupon the orange color vanished. After cooling to room tempera-
ture, aqueous NaOH (≈ 10%) was added and the mixture was stirred for another
hour. Then, it was diluted with CH2Cl2, water was added and the phases were
separated. Ethyl acetate was added to the organic phase and it was filtered through
silica. After adding some ethanol, the major amount of solvent was removed and the
precipitate was filtered off and dried under vacuum. Thioketal 2 (0.43 g, 0.78 mmol,
94% yield) was obtained as a nearly colorless solid.
1H-NMR (300 MHz, CD2Cl2) δ (ppm) = 8.10 (d, J = 0.7 Hz, 2H), 7.73 – 7.66 (m,
6H), 7.36 (pd, J = 7.4, 1.4 Hz, 4H), 3.98 – 3.80 (m, 8H), 1.60 (s, 6H).
13C-NMR (75 MHz, CD2Cl2) δ (ppm) = 155.6, 151.7, 150.3, 139.9, 138.8, 138.4,
128.9, 128.4, 125.5, 119.9, 117.3, 114.5, 68.8, 46.9, 42.9, 27.5.
12,12,15,15-Tetrafluoro-6,6-dimethyl-12,15-dihydro-6H -cyclopenta
[2,1-b:3,4-b’ ]difluorene (L4P-F4)
In a polypropylene screw-cap beaker a stirred mixture of NIS (0.68 g,
3.04 mmol) and CH2Cl2 (20 mL) was cooled to 0 ◦C and 70% HF/pyridine (0.39 mL,
0.43 g, 15.2 mmol HF) was added. Then, 2 (0.42 g, 0.76 mmol) was added and stir-
ring was continued for 45 min. Afterwards the reaction was quenched with excess
basic alumina and diluted with CH2Cl2. It was filtered through a pad of silica
and washed with aqueous Na2S2O3. The organic phase was dried (MgSO4) and the
solvent was removed. The crude product was purified by column chromatography
(cyclohexane / ethyl acetate) to give L4P-F4 (0.20 g, 0.45 mmol, 59% yield) as a
colorless solid.
1H-NMR (500 MHz, CDCl3) δ (ppm) = 7.99 (d, J = 0.5 Hz, 2H), 7.67 – 7.61 (m,
6H), 7.49 (t, J = 7.5 Hz, 2H), 7.35 (td, J = 7.5, 0.9 Hz, 2H), 1.59 (s, 6H).
13C-NMR (126 MHz, CDCl3) δ (ppm) = 158.3 (s), 139.7 (t, J = 4.7 Hz), 139.4 (s),
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138.6 (t, J = 25.1 Hz), 137.9 (t, J = 25.2 Hz), 132.2 (s), 128.8 (s), 124.0 (s), 123.0
(t, J = 242.6 Hz), 120.3 (s), 115.9 (s), 115.0 (s), 47.4 (s), 27.0 (s).
19F-NMR (282 MHz, CDCl3) δ (ppm) = -110.25 (s).
Diethyl 2,2’-(9,9-difluoro-9H -fluorene-2,7-diyl)dibenzoate (5)
Under an argon atmosphere nBuLi (15 mL, 33 mmol, 2.2 mol/L in cyclohexane)
was added to a solution of 2,7-dibromo-9,9-difluorofluorene 3 (5.4 g, 15 mmol) in
dry THF (40 mL) at -78 ◦C. After stirring for 1 h, tributyl borate (9.6 mL, 8.3 g,
36 mmol) was added and stirring was continued for 1 h at room temperature. The
resulting solution was combined with a mixture of 4 (9.8 g, 37.5 mmol), Cs2CO3
(19.6 g, 60 mmol) and Pd(dppf)Cl2·CH2Cl2 (0.33 g, 0.45 mmol) in ethanol (40 mL)
and DMF (10 mL) and stirred for 12 h at 60 ◦C. Then, the mixture was poured into
water and the precipitate was filtered off carefully19. It was dissolved in CH2Cl2,
dried (MgSO4) and the solvent was removed. The crude product was purified by
column chromatography (cyclohexane / ethyl acetate) to give 5 (3.6 g, 7.2 mmol)
in 48% yield.
1H-NMR (300 MHz, CDCl3) δ (ppm) = 7.92 (dd, J = 7.7, 1.1 Hz, 2H), 7.68 – 7.55
(m, 6H), 7.52 – 7.40 (m, 6H), 4.16 (q, J = 7.1 Hz, 4H), 1.05 (t, J = 7.1 Hz, 6H).
13C-NMR (75 MHz, CDCl3) δ (ppm) = 168.6, 142.6, 141.6, 138.2, 132.4, 131.6,
131.2, 130.6, 130.3, 127.9, 124.3, 120.2, 61.3, 27.1, 13.8.
19F-NMR (282 MHz, CDCl3) δ (ppm) = -111.07 (s).
3,6-Dibromospiro[fluorene-9,2’-[1,3]dithiolane] (7)
Ethane dithiol (7.5 mL, 8.5 g, 90 mmol) and 50% BF3·THF (13.3 mL, 16.8 g,
60 mmol) were added to a suspension of 6 (20.3 g, 60 mmol) in CH2Cl2 (100 ml).
After stirring the mixture for 3 days at 40 ◦C, it turned nearly colorless and aq.
NaOH (≈ 10%) was added. The mixture was stirred for another hour and then
extracted with CH2Cl2. The organic phase was dried (MgSO4) and the solvent was
removed to give 25 g (60 mmol, quantitative yield) of thioketal 7.
1H-NMR (300 MHz, CDCl3) δ (ppm) = 7.70 (d, J = 1.7 Hz, 2H), 7.54 (d, J = 8.2 Hz,
2H), 7.46 (dd, J = 8.2, 1.8 Hz, 2H), 3.76 (s, 4H).
13C-NMR (75 MHz, CDCl3) δ (ppm) = 149.8, 139.3, 132.0, 126.9, 123.4, 122.9, 68.0,
42.6.
3,6-Dibromo-9,9-difluoro-9H -fluorene (8)
In a polypropylene screw cap beaker, thioketal 7 (10.9 g, 26.3 mmol) was slowly
added to a mixture of 70% HF/pyridine (4.0 mL, 4.4 g, 158 mmol HF) and NIS
(17.8 g, 78.9 mmol) in CH2Cl2 (60 mL) at 0 ◦C. After stirring for 1 h, excess basic
alumina was added and the mixture was stirred for another 15 min. The mixture
was diluted (CH2Cl2) and the solids were filtered off. The solution was washed
with aqueous Na2S2O3, dried (MgSO4), and the solvent was removed. Column chro-
matography (petroleum ether / CH2Cl2) gave 8 (8.4 g, 23.3 mmol, 89% yield) as a
colorless solid.
1H-NMR (300 MHz, CDCl3) δ (ppm) = 7.66 (m, 2H), 7.49 (m, 4H).
13C-NMR (75 MHz, CDCl3) δ (ppm) = 140.2 (t, J = 5.0 Hz), 136.9 (t, J = 25.7 Hz),
19In case the product mixture remains oily, extraction with CH2Cl2 may be necessary.
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132.5 (s), 126.8 (s), 125.4 (s), 124.3 (s), 122.2 (t, J = 236.9 Hz).
19F-NMR (282 MHz, CDCl3) δ (ppm) = -111.56 (s).
9,9-Difluoro-3,6-bis(methoxymethyl)-9H -fluorene (9)
Under an argon atmosphere nBuLi (28 mL, 60.7 mmol, 2.2 mol/L in cyclohexane)
was added to a stirred solution of 8 (9.1 g, 25.3 mmol) in dry THF (150 mL) at
-78 ◦C. After stirring for 1 h at that temperature, chlormethyl methylether (5.8 mL,
6.2 g, 75.9 mmol, MOM-Cl) was added and the solution was allowed to warm to
room temperature. The reaction was stirred for another hour, until it was quenched
with aqueous NaHCO3. The mixture was extracted with ethyl acetate. The organic
phase was dried (MgSO4) and the solvent was removed. The crude product was
purified by column chromatography (cyclohexane / ethyl acetate) to give 9 (3.8 g,
13.1 mmol) in 52% yield.
1H-NMR (300 MHz, CDCl3) δ (ppm) = 7.62 – 7.55 (m, 4H), 7.28 (d, J = 7.9 Hz,
2H), 4.52 (s, 4H), 3.43 (s, 6H).
13C-NMR (75 MHz, CDCl3) δ (ppm) = 142.9 (s), 139.8 (t, J = 4.8 Hz), 137.7 (t,
J = 25.3 Hz), 127.9 (s), 123.8 (s), 123.2 (t, J = 228.9 Hz), 119.6 (s), 74.4 (s), 58.5
(s).
19F-NMR (282 MHz, CDCl3) δ (ppm) = -111.22 (s).
2,7-Dibromo-9,9-difluoro-3,6-bis(methoxymethyl)-9H -fluorene (10)
Mathanesulfonic acid (0.5 mL) was added to a mixture of 9 (2.9 g, 10.0 mmol) and
DIB20 (5.7 g, 20 mmol) in acetic acid (50 mL). After stirring the mixture for 30
min at room temperature, it was poured on cold aqueous NaOH and extracted with
CH2Cl2. The organic phase was washed with aqueous Na2S2O3, dried (MgSO4), and
the solvent was removed. The crude product was purified by column chromatogra-
phy (petroleum ether / ethyl acetate) to give 10 (2.23 g, 5.0 mmol) in 50% yield.
1H-NMR (300 MHz, CD2Cl2) δ (ppm) = 7.79 – 7.73 (m, 4H), 4.54 (d, J = 0.9 Hz,
4H), 3.52 (s, 6H).
13C-NMR (75 MHz, CD2Cl2) δ (ppm) = 143.0 (s), 138.5 (t, J = 4.8 Hz), 138.1 (t,
J = 25.2 Hz), 128.2 (s), 122.4 (t, J = 244.4 Hz), 122.3 – 122.2 (m), 120.8 (s), 74.0
(s), 59.1 (s).
19F-NMR (282 MHz, CD2Cl2) δ (ppm) = -110.94 (s).
Dimethyl 2,7-dibromo-9,9-difluoro-9H -fluorene-3,6-dicarboxylate (11)
A mixture of 10 (1.8 g, 4.0 mmol), TEBAC (5.5 g, 24 mmol) and KMnO4 (3.8 g,
24 mmol) in CH2Cl2 (20 mL) was refluxed over night. After cooling to room tempera-
ture, the reaction was quenched with aqueous Na2S2O3 and extracted with CH2Cl2.
The organic phase was dried (MgSO4) and the solvent was removed. The crude
product was purified by column chromatography (cyclohexane / ethyl acetate) to
give 11 (1.45 g, 3.2 mmol) in 76% yield.
1H-NMR (300 MHz, CDCl3) δ (ppm) = 7.96 (s, 2H), 7.91 (t, J = 1.4 Hz, 2H), 3.98
(s, 6H).
13C-NMR (75 MHz, CDCl3) δ (ppm) = 165.9 (s), 140.9 (t, J = 25.4 Hz), 137.0 (t,
J = 4.7 Hz), 136.4 (s), 130.3 (s), 123.4 (s), 122.9 (s), 121.1 (t, J = 247.0 Hz), 53.1
20DIB was synthesized according to ref. [119].
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(s).
19F-NMR (282 MHz, CDCl3) δ (ppm) = -110.88 (s).
Dimethyl 9,9-difluoro-2,7-diphenyl-9H -fluorene-3,6-dicarboxylate (12)
A mixture of 11 (1.43 g, 3.0 mmol), phenylboronic acid (1.46 g, 12 mmol), Cs2CO3
(4.9 g, 15 mmol), and Pd(dppf)Cl2·CH2Cl2 (0.08 g, 0.09 mmol) was stirred in
ethanol/THF/DMF (40/40/10 mL) under an argon atmosphere at 65 ◦C for 15 min.
After cooling to room temperature, the mixture was diluted with water and ex-
tracted with CH2Cl2. The organic phase was dried (MgSO4) and the solvent was
removed. The crude product was purified by column chromatography (cyclohexane
/ ethyl acetate) to give 12 (1.19 g, 2.53 mmol, 84% yield) as a colorless solid.
1H-NMR (300 MHz, CDCl3) δ (ppm) = 8.05 (s, 2H), 7.69 (m, 2H), 7.49 – 7.32 (m,
10H), 3.68 (s, 6H).
13C-NMR (75 MHz, CDCl3) δ (ppm) = 168.6 (s), 144.0 (s), 140.4 (t, J = 25.3 Hz),
140.3 (s), 137.4 (t, J = 4.8 Hz), 135.1 (s), 128.5 (s), 128.3 (s), 128.1 (s), 126.4 (s),
122.1 (s), 52.5 (s).
19F-NMR (282 MHz, CDCl3) δ (ppm) = -111.10 (s).
6,6,12,12,15,15-hexafluoro-12,15-dihydro-6H -cyclopenta[2,1-b:3,4-b’ ]di-
fluorene (L4P-F6)
A solution of 6 g NaOH in 15 mL of water was added to a suspension of 12 (0.94 g,
2.0 mmol) in ethanol (60 mL). The mixture was stirred over night at 55 ◦C. After
cooling to room temperature, water and HCl were added and the precipitate that
formed thereupon was filtered off. After drying in air, and subsequently under high
vacuum 0.80 g of crude acid have been obtained as a nearly colorless powder.
The crude product was suspended in SOCl2 (40 mL) and refluxed for 1 h. Then,
MeSO3H (1 mL) was added and refluxing was continued for 30 min. After cooling
to room temperature, the precipitate was filtered off. Upon air-drying, 0.72 g of
crude product have been obtained as a pink powder.
Then, it was suspended in 1,1,2,2-tetrachloroethane (25 mL) and ethane dithiol
(0.6 mL, 0.75 g, 8.0 mmol), as well as 50% BF3·THF (1.8 mL, 2.24 g, 8.0 mmol)
were added. The mixture was stirred for 2 h at 120 ◦C, whereupon the red color dis-
appeared. After cooling to room temperature, the reaction was carefully quenched
with aqueous NaOH (≈ 10%) and extracted with CH2Cl2. The major amount of
solvent was removed from the organic phase and the precipitate was filtered off.
Air-drying gave 1.1 g of crude material as a nearly colorless powder.
A mixture of NIS (2.25 g, 10.0 mmol) and HF/pyridine (70% HF; 3.5 mL) in CH2Cl2
(30 mL) was cooled to 0 ◦C. Then, the crude product of the last stage was added
and the reaction was stirred for 1 h. Finally, it was carefully quenched with ex-
cess basic alumina and sodium bisulfite and filtered through a pad of celite, using
CH2Cl2 to purge. The solvent was removed. Pre-purification was achieved by col-
umn chromatography using cyclohexane / ethyl acetate and again using hot tetra-
chloromethane as eluant. Then, the crude product was subsequently crystallized
from chlorobenzene and THF. Finally L4P-F6 (0.08 g, 0.2 mmol, 9% yield) was
obtained as pale yellow crystals.
1H-NMR (500 MHz, THF-D8) δ (ppm) = 8.20 (s, 2H), 8.09 (s, 2H), 7.85 (d,
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J = 7.6 Hz, 2H), 7.68 (d, J = 7.5 Hz, 2H), 7.58 (td, J = 7.5, 0.6 Hz, 2H), 7.44 (td,
J = 7.5, 0.9 Hz, 2H).
19F-NMR (471 MHz, THF-D8) δ (ppm) = -112.59 (s), -112.73 (s).
EI-MS: m/Z = 450.08434 (calculated: 450.08432).
3.4.2 Crystal Structure Analysis
The diffraction data were collected on a STOE IPDS 2Θ diffractometer at 100 K.
Crystallographic data are depicted in the crystallographic table. The structures
were solved by direct methods (SHELXS-97)[124] and were refined with the full-
matrix least-squares method on F 2 (SHELX-97 and SHELXL-2013)21. The hydro-
gen atoms were placed at the calculated positions and were refined by using a riding
model. The data, which contain the supplementary crystallographic information,
can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
21[124]; Sheldrick, G. M., SHELXL, Crystal Structure Refinement, 2013 University of Göttin-
gen, Germany.
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Crystallographic Table
compound L4P·(THF) L4P-F2 L4P-F4
Formular C37H38O C31H24F2 C29 H18 F4
Formular weight / g·mol-1 498.67 434.50 442.43
λ / Å 0.71073 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group Pbca Pna21 Pnma
a / Å 10.8148(3) 17.7321(7) 15.1402(5)
b / Å 26.1707(9) 19.5341(6) 6.9271(3)
c / Å 19.8964(5) 6.6038(2) 19.8487(7)
α / ◦ 90 90 90
β / ◦ 90 90 90
γ / ◦ 90 90 90
V / Å3 5631.3(3) 2287.43(13) 2081.69(14)
Z 8 4 4
Density / g·cm-3 1.176 1.262 1.412
µ / mm-1 0.068 0.083 0.106
F (000) 2144.0 912.0 912.0
Θ range / ◦ 3.17 - 29.58 3.26 - 27.20 2.05 - 29.55
Reflections collected 60986 21843 16607
Independent reflections 7855 4797 3118
Completeness to Θ 0.99 0.99 1.00
Rint 0.0610 0.0483 0.0355
GoF on F 2 1.064 1.018 0.880
R1 [I > 2σ(I)] 0.0558 0.0324 0.0339
wR2 [I > 2σ(I)] 0.1493 0.0766 0.0872
R1 (all data) 0.0796 0.0374 0.0507
wR2 (all data) 0.1598 0.0787 0.0914
∆ρmax/∆ρmin / e·Å-3 0.77 / -0.51 0.12 / -0.21 0.386 / -0.167




Cyclic voltammetry was performed using a PG310 USB (HEKA Elektronik) po-
tentiostat interfaced to a PC with PotMaster v2x43 (HEKA Elektronik) software
for data evaluation. A three-electrode configuration contained in a non-divided
cell consisting of a platinum disc (d = 1 mm) as working electrode, a platinum
plate as counter-electrode and a saturated calomel electrode (SCE) with an agar-
agar-plug in a Luggin capillary with a diaphragm as reference electrode was used.
Measurements were carried out in N,N -dimethylformamide (anhydrous, SIGMA-
ALDRICH), THF (anhydrous, inhibitor-free, SIGMA-ALDRICH), or Acetonitrile
(HPLC-Grade, VWR, distilled from CaH) containing 0.1 M Bu4NPF6 (FLUKA –
for electrochemical analysis) using a scan rate of dE/dt = 1 V s-1. The data are
given in reference to the ferrocene redox couple (Fc/Fc+), which was used as external
standard.
3.4.4 UV-Vis Spectroscopy
Absorption spectra were recorded on a Varian Cary 50 Bio UV-Visible spectrometer
and fluorescence spectra on a Varian Cary Eclipse Fluorescence spectrometer using
10.0 x 10.0 mm quartz cuvettes.
3.4.4.1 Fluorescence Quantum Yield
The fluorescence quantum yield was determined according to










In the equation Φ depicts the fluorescence quantum yield,
∫
I(λ)dλ the Area under
the fluorescence spectrum, E(λEx) the extinction (absorbance) at the excitation
wavelength (which was kept the same for sample and reference), and n the refractive
index of the solvents used. Index R denotes properties of reference, and S of the
unknown sample. 9,10-Diphenylanthracene in cyclohexane, assuming Φ = 1[125],
was used as reference.[126, 127]
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4 Green Emission in Ladder-Type
Quarterphenyl22
4.1 Introduction
In the past years there has been a lot of research in the field of organic electronics
with the prospect of fabricating low-cost, light-weight, and flexible devices.[16, 128]
However, in OPV and in OLED, especially the blue emitting ones, the lifetimes
of the devices remains a critical issue. Polyfluorenes, as well as LPPPs[68] have
already been exploited in blue emitting OLEDs for some time,[129, 130] but they
suffer from relatively fast degradation. There are several studies on the degradation
of such compounds. The degradation can be initiated thermally, photochemically
or electrochemically. In polyfluorene (PF) the emerging green emission has been
attributed to excimers and fluorenone defects, which are capable of trapping the
excitation energy.[131–145] Furthermore chain end defects, such as hydroxyl groups,
which originate from Suzuki cross couling polymerization, may lead to green emis-
sion as well.[146] In LPPPs a break of the bridging units of the polymer backbone
was taken into consideration, as well as fragments, such as arylketones and fluo-
renones were identified by vibrational spectroscopy[147–150] The optical properties
of these fragments have also been characterized by means of quantum-chemical cal-
culations and compared to the properties of thermally degraded LPPP films.[150]
The most prominent mechanisms of degradation proposed in the literature involve
a 9-fluorenylhydroperoxide formed from synthetic defect sites, such as residual 9-
hydrogen-substituted such as residual 9-hydrogen-substituted fluorene.[131] In addi-
tion, free-radical autoxidation leading to fluorenone type defects has been proposed
for thermally[151, 152] as well as photochemically[153, 154] induced degradation,
typically necessitating synthetic defect-sites. There is also at least one report on
highly purified oligo(alkylfluorene)s, which alternatively claims that gradual degra-
dation of the side chains due to singlet oxygen leads to the fluorenone defect.[155]
In contrast to most of these studies dealing with PF, we focus on small molecules,
such as the ladder-type quarterphenyl L4P, which in combination with ZnO is sup-
posed to be a potent candidate for creating hybrid inorganic-organic systems for
opto-electronic devices.[46, 50, 60, 78] In order to assemble these systems, L4P
was designed to be compatible with organic molecular vapor-deposition, and there-
fore the molecular weight was minimized by limiting the number of repeat units
and omitting solubilizing side chains. In this context it should be emphasized that
the small-molecule approach–after proper purification by gradient-sublimation and
crystallization–provides a pure sample compound of one well-defined molecular en-
tity, which can be unambiguously structurally characterized. Here, a detailed study
22This chapter has already been published in a similar manner in ref. [117].
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of the photodegradation of L4P is presented, with detailed insights into its kinetics
in solution as well as the chemical structure of formed degradation products. Partic-
ular attention is on the active species of oxygen being responsible for degradation.
The optical properties of the isolated structural defects, deliberately synthesized
fluorenone-type defects, and crude degraded mixtures are being compared, showing
that the observed absorption and emission characteristics of the degraded samples
cannot explained conventional be by the fluorenone-type defect in LPPPs. Finally,
time-dependent PL measurements show that intact L4P is efficiently transferring
its excitation energy to defects.
4.2 Organic Synthesis
The synthesis of the two ketones L4P-O and L4P-O223 involves in both cases
cross-coupling of properly substituted phenyl residues to a central fluorene build-
ing block (figures 4.1 and 4.2). In the first case of L4P-O, annulation proceeds
by twofold Friedel-Crafts alkylation of the protected fluorenone core. On the other
Figure 4.1. Synthesis of L4P-O.
23L4P,as well as L4P-O2 have been described in ref.[88]; however the synthetic route involves
harsh conditions, and characterization data for the intermediates were not provided.
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hand, twofold Friedel-Crafts acylation of a central fluorene building block creates
the two terminal ketone functionalities in L4P-O2. Recently, also a synthesis yield-
ing L4P was published,[78] which has been designed to prepare longer oligomers
and therefore involves many reaction steps. Comparing the different syntheses, the
route via diester 10 described herein for facile access of L4P is recommended.
For the synthesis of L4P-O (figure4.1), 2,7-dibromofluorenone 2 was chosen as
the central building block as well as 2-(methoxymethyl)-bromobenzene as the outer
building block carrying the masked groups for intramolecular cyclization. Ether 1
was synthesized from 2-bromobenzyl bromide and sodium methoxide. The synthesis
of 2,7-dibromofluorenone was adapted from an old, yet simple protocol by Gold-
schmiedt and Schranzhofer.[156] Ether 1 was converted to a boronic ester via lithi-
ation and coupled twice to 2 via Suzuki crosscoupling using conditions, which were
adapted from a paper by Knochel involving Pd(dppf)Cl2 as catalyst and Cs2CO3 as
base.[118] Oxidation of diether 3 with KMnO4 yielded diester 4 in good yield.[94]
Then, the ketone was protected as its dimethyl ketal using trimethyl orthoformate
and toluenesulfonic acid. Subsequently, the ester-functionalities of 5 were reacted
with methyl lithium to yield a tertiary alcohol intermediate, which was not isolated.
For the twofold condensation to the desired ring-closed product, a Lewis acid needs
to be employed, which – if used alone – was found to deprotect the ketone and
eliminate the tertiary alcohols, followed by further decompostion. In contrast, addi-
tion of 1,2-ethanedithiol (in the presence of the Lewis acid) led to conversion of the
ketone to 1,3-dithiolane 6, which is stable in the presence of the Lewis acid, as well
as a minor amount of isomers (that have not been separated). Deprotection with
NIS and acetic acid gave the desired L4P-O as the main product as well as traces
Figure 4.2. Synthesis of L4P-O2.
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of 7, which can easily be separated by column chromatography or crystallization.
The synthesis of L4P-O2 (figure 4.2) is rather straightforward: Ether 1 was cou-
pled to 2,7-dibromofluorene 8 to yield diether 9, which was subsequently oxidized
to the diester 10 and hydrolyzed to the free acid. Condensation to L4P-O2 was
achieved by reaction of the bisacid with thionyl chloride and methanesulfonic acid
as catalyst. Depending on the purity and morphology, L4P-O2 appears as orange
powder or deep orange to reddish crystals.
The semi-bridged DPF-O was obtained by coupling phenylboronic acid 11 and
2,7-dibromofluorenone 2 (figure 4.3). During this reaction only few amounts of
side-products were formed and hence DPF-O could be crystallized from the crude
product in good yields.
Figure 4.3. Synthesis of DPF-O.
4.3 Photodegradation in Solution
To investigate the chemical reactions, which give rise to photodegradation of samples
containing L4P, some initial experiments were carried out in solution. In contrast
to thin films it is relatively simple to keep the samples homogeneous and hence the
experimental conditions are defined more precisely while at the same time chemical
analysis is facilitated. In an initial set of experiments, the influence of different sol-
vents on the process of photodegradation was analyzed by exposing the respective
solutions to strong UV-irradiation while acquiring PL spectra. Photodegradation is
strongly dependent on the solvent, for example in toluene and THF it is relatively
slow whereas solutions in methylene chloride and ethyl acetate degrade much more
rapidly (over the course of few hours). By far the fastest photodegradation (over
the course of few minutes) occurs in chloroform associated with a rapidly increasing
green PL.
4.3.1 Degradation Kinetics from Absorption and Emission
Spectroscopy
Based on these initial experiments, methylene chloride and ethyl acetate were chosen
for further investigation assuming that in these solvents a general representation of
the degradation behavior of L4P can be achieved in a reasonable duration of UV-
irradiation. To get a better understanding of the process of degradation, kinetic
studies of three observables were carried out: The absorbance, the blue PL (ex-
cited at 330 nm), which is related to native defect-free L4P, and the green emission,
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Figure 4.4. Spectral changes upon irradiation of a 6.8 · 10−6 mol L-1 solution of
L4P in CH2Cl2 (25 ◦C) with 300 - 400 nm light: a) Absorbance spectra, b) corrected
PL spectra in green region upon 400 nm excitation, and c) corrected PL spectra in
blue region upon 330 nm excitation. Spectra shown in a) - c) were recorded every
30 min. The initial spectra are shown in blue, the final ones in red. d) Resulting
plot of changes in absorbance at 369 nm (black diamonds), blue PL detected at 394
nm (blue squares), and green PL detected at 500 nm (green circles) as a function of
irradiation time.
which is excited below the absorption edge of L4P (at 400 nm) for addressing defect-
related states directly. As will be detailed below, energy transfer between L4P and
the defects is an additional process reducing the LOPP’s radiative yield. Therefore,
in order to elucidate the primary photodegradation mechanism, the measurements
have to be carried out at concentrations sufficiently low to neglect energy transfer.
Over the course of irradiation, the narrow absorption peaks around 350 and 370
nm strongly decrease and a broad featureless absorption between 380 and 500 nm
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b)
c)
Figure 4.5. Degradation of L4P in ethyl acetate (initial concentration 6.8·10−6 mol
L-1, time interval: 30 min): a) Changes in the absorption spectrum; b) Changes in
the blue emission (excitation at 330 nm); c) Evolution of green emission (excitation
at 400 nm), The initial spectra in a) - c) are shown in blue, the final ones in red.
d) Absorption (black) and green (detected at 550 nm), as well as blue (detected at
380 nm) PL intensity vs. duration of degradation.
rises (figure 4.4a). In a similar manner the blue L4P emission between 370 and 450
nm decreases and loses its vibronic structure (figure 4.4c). Simultaneously, a broad
green PL appears with a maximum at 480 nm (figure 4.4b). The time dependent
decrease of both the absorption at the 0-0 transition as well as the blue PL is very
similar (Figure 4.4d), suggesting that these two spectroscopic signatures correspond
to one and the same molecular structure, i.e. L4P. Interestingly, after the L4P is
mostly consumed and the maximum concentration of the primary photoproduct is
reached, the green emission eventually also starts to decay.
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These findings agree somehow with the common photodegradation mechanisms pro-
posed in the literature that involve formation of carbonyl (C=O) group defects,
typically at the bridging benzylic sites.[151–155] If photodegradation would there-
fore follow this kind of mechanism, structures carrying the fluorenone motif, such as
L4P-O and L4P-O2 (figures 4.1 and 4.2) should be formed. However, the product
mixture of degraded L4P in methylene chloride or ethyl acetate displays very dif-
ferent optical spectra as compared to the synthesized ketones L4P-O and L4P-O2
(figure 4.6). The photodegraded mixtures (figure 4.6b) show a broad absorption
down to 2.5 eV, signifying the presence of transitions with considerable strength
below the absorption edge of L4P (3.3 eV, see figures 4.4a, 4.5a). This low energy
absorption is still substantial in the region of L4P emission, suggesting that en-
ergy transfer might be quite efficient, if donor (L4P) and acceptor (defect) are in
close proximity. The defect emission is bright and at around 2.5 eV. In contrast,
the near-UV absorption (3.3 - 3.9 eV) of the ketones L4P-O and L4P-O2 (figure
4.6a) resembles the absorption of L4P (figures 4.4a, 4.5a), although the extinction
coefficient ε is significantly smaller and the maxima are blue-shifted. Additionally
there is a low-energy absorption between 2.5 and 3.3 eV, making these compounds
appear orange. Yet this broad transition has a very low oscillator strength such that
energy transfer for this type of defects is rather unlikely. Additionally the orange
emission of these compounds is farther in the low-energy region than observed for
any degradation product or mixture and the emission quantum yield is extremely
low. From these data it becomes apparent that both quantum yield of these ketones
as well as their spectral overlap with L4P is rather low and hence such fluorenone
structures are most likely not involved in the observed defect emission.
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Figure 4.6. a) Absorption spectra of L4P-O (solid, black) and L4P-O2 (solid,
red) as well PL spectra of L4P (dotted, blue), L4P-O (dotted, black), and L4P-
O2 (dotted, red) upon excitation at 330 nm (25 ◦C, CH2Cl2). The spectral region
between 2.5 and 3.3 eV is not shown because a cutoff filter was used to remove the
2nd harmonic of the excitation source and PL of residual, highly emissive L4P in
the samples. b) Absorption (solid lines) and PL spectra (dotted lines) of L4P after
irradiation with 300 - 400 nm light in CH2Cl2 (black, initial concentration: 6.8 ·10−6
mol L-1) and ethyl acetate (red, initial concentration: 6.8 · 10−6 mol L-1).
4.3.2 Chemical Analysis of Photodegradation Products24
Another indication arises from comparison with the non-bridged p-quarterphenyl
4P, which should behave very different in case photodamage would occur at the
benzylic bridges. However, when analogous degradation experiments were carried
out in methylene chloride 4P behaves similarly to L4P (see figure 4.7) providing
24Product separation by semi-preparative HPLC was carried out by Dr. Joachim Leistner (HU
Berlin, Institut für Chemie).
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Figure 4.7. Photodegradation of 4P in CH2Cl2 (initial concentration
7 · 10−6 mol L-1): a) Changes in the absorption spectrum, 20 min time inter-
val between each spectrum; b) Evolution of absorption (at 300 nm, black), blue PL
(370 nm, blue), and green PL (560 nm, green) over time.
another piece of evidence that the formation of fluorenone defects is rather unlikely
to be the main photodegradation process.
In order to elucidate the origin of the defect emission, product formation over time
was studied once again in methylene chloride at concentrations compatible with
analysis by means of chromatography coupled to mass spectrometry (UPLC-MS).
Using UV detection (Figure 4.8) the main peak at a retention time of 6.86 min is
Figure 4.8. Chromatography traces of L4P after irradiation with 350 nm light in
CH2Cl2 solution using UV-detection at a) 390 - 410 nm and b) 325 - 375 nm giving
rise to L4P-deg and L4P-Cl.
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attributed to the starting material L4P. Upon irradiation, the first product, which
is formed relatively rapidly, exhibits a m/z = 460.2 and a characteristic isotopic pat-
tern, such that it can be assigned to the monochlorinated product L4P-Cl (peak at
7.44 min in Figure 4.8b). Within the proceeding degradation also a relatively large
amount of dichlorinated L4P-Cl2 was formed. However, the influence of the chlo-
rination on the optical properties of L4P is rather negligible as can be concluded
from the transparency at long wavelength. In addition to the singly and doubly chlo-
rinated products, three low-energy absorbing defect-species L4P-deg were formed
(intense peaks between 6.65 and 6.76 min in Figure 4.8a, also seen in 4.8b). All of
them show the same m/z = 455.2, which corresponds to a gain of 28 mass units as
compared to L4P. It turned out to be very difficult to correlate the observed gain
in mass with any oxidation process and therefore the chemical nature of the defect
cannot be derived from the above analysis. To rule out fragmentation or complex
formation upon ionization the ketone L4P-O was also analyzed via UPLC-MS, but
only a peak at m/z = 413 was found, which corresponds to the [L4P-O+H]+-ion.
Accordingly, no evidence was found in the photodegraded samples for the presence
of the ketones L4P-O or L4P-O2.
To resolve the chemical structure of the photodegradation products, two of the
three main defects L4P-deg identified via UPLC-MS monitoring (figure 4.8) were
isolated on a scale sufficient for subsequent analysis by NMR spectrocopy (figure
4.9). Comparison of the 1H-NMR spectra of one isomer of the photodegradation
products (L4P-deg) with L4P shows the presence of an additional singlet slightly
above 10 ppm, the loss of one proton signal in the aromatic region and the reduced
symmetry of the latter. The aliphatic proton signals also indicate a reduction of the
molecular symmetry. The corresponding 13C-NMR spectra may be interpreted the
same way and furthermore show the presence of a carbonyl signal. Based on this
spectral information, we conclude that upon irradiation of L4P in chloroform or
methylene chloride a formylation reaction (figure 4.9) occurs, that somewhat resem-
bles the thermal Reimer-Tiemann reaction[157, 158] and gives rise to formation of
various monoformylated regioisomers. This would also explain the much more rapid
degradation in chloroform as compared to methylene chloride. In the latter, L4P
primarily undergoes of chlorination while methylene chloride is being chlorinated
itself to in-situ generate chloroform, which is the more reactive formylation agent.
Although we can only speculate about the mechanism of this photochemical conver-
sion (potentially involving dichlorocarbenes or precursors of phosgene), it becomes
clear now, why especially chloroform, but also methylene chloride, are not suited to
process polyfluorenes, polyphenylenes, and ladder-type polyphenylenes (since resid-
ual solvent is difficult to be removed completely).
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a)
b)
Figure 4.9. Formylation of L4P during irradiation in CH2Cl2 or CHCl3. 1H-NMR
spectra of a) pristine L4P (300 MHz, CD2Cl2) and b) one isomer of defect L4P-
deg (500 MHz, CD2Cl2), as well as proposed photochemical formylation reaction to
explain the observed photodegradation products.
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4.3.3 Optical Properties of Isolated Photodegradation
Products
Naturally, the spectra of the isolated defects resemble the mixture of photodegraded
products (Figure 4.6b). The absorption spectra of the isolated defects overlap exten-
sively with the emission of L4P in the region between 3.0 and 3.5 eV (Figure 4.10a)
and, as already mentioned above, energy transfer is expected to occur efficiently.
Furthermore the efficiency of the PL of the isolated defects is much higher than
that of the ketones L4P-O and L4P-O2 and the emission is situated in the green
to yellow region (2.6 - 2.7 eV). In this context it is interesting to note that careful
comparison of the absorption and emission spectra can provide some further insight
into the molecular origin of the defects. In the case of L4P-O there is a very weak
low-energy absorption between 2.3 and 3.2 eV (depicted in Figure 3.10b in tenfold
amplification), which can be attributed to the symmetry-forbidden n→ π∗ transition
of the ketone. In stark contrast, in DPF-O, which has exactly the same π-system
in terms of connectivity, the same transition is significantly stronger, although the
π → π∗ transition is much weaker. This can readily be explained by the freely rotat-
able phenyl groups providing more flexibility to the molecule and hence some mixing
of the in-plane π → π∗ transition and the out-of-plane n→ π∗ may occur thereby
enhancing the low-energy transition.[159] This influence of backbone rigidity is not
only observed in absorption but also in emission: In contrast to L4P-O, in DPF-O
some of the PL is recovered and the quantum yield amounts at least to a few per
cent (≈4%) in CH2Cl2. This implies that the reason for strong low-energy emission
of the isolated photodegradation products is not the broken symmetry due to the
reduced planarity of the aromatic system but instead the ability of the carbonyl
group to rotate out-of-plane.
Although in chlorinated solvents such as chloroform and methylene chloride the
formation of a formylation product was proven, the general validity of these findings
and their applicability to explain photodegradation in different solvents or films
needed to be investigated. For this purpose, the aging behavior of solutions in
methylene chloride and ethyl acetate was compared by means of absorption and
PL measurements as well as UPLC-MS analysis. In the case of methylene chloride,
three main products absorbing around 400 nm were found and are attributed to the
three isomers of the formylated product L4P-deg. In ethyl acetate there is a large
variety of products that absorb above 400 nm, making it – at least by the means that
were available for us – not feasible to isolate and characterize them. However, the
overall absorption spectra of the irradiated solutions in ethyl acetate (figure 4.6b)
show qualitatively the same behavior when compared to methylene chloride: Upon
irradiation the sharp peaks of the L4P absorption are vanishing and a broad tail
below 3.3 eV appears, which again overlaps with the L4P emission. Even the kinet-
ics of the degradation in ethyl acetate (see figure 4.5) is similar to that in methylene
chloride (see figure 4.5).
A very thorough theoretical analysis of the optical properies of potential degrada-
tion products of larger oligomers of LPPP is given in ref. [150] that discusses three
types of defects: a) a “ketonic defect”, resembling fluorenone-type defect and hence
the structure of L4P-O, b) a “phenol defect”, and c) a “phenolate defect”.[150] While
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for the first, the calculations of the optical transitions are in good agreement with
our findings, the latter two defects arise from the oxidative cleavage of a methylene
bridge, resulting in a freely rotatable arylketone fragment adjacent to the phenol
unit. Interestingly, in the excited state, these types of structure show allowed tran-
sitions below the pristine LPPP and in the case of deprotonated species, i.e. the
“phenolate defect”,[150] the energy of the transition is even below the fluorenone-
type defect. In view of our observations and employed experimental conditions as
well as the fact that the π-system of the “phenol defect” somehow resembles L4P-
deg, which indeed shows low energy emission, even compared to the longer oligomer
a)
b)
Figure 4.10. a) Absorption (solid lines) and PL (dotted lines) of two different
isolated formyl defects (L4P-deg in Figure 4.9, excitation at 380 and 395 nm,
respectively) and PL of L4P (dotted blue, excitation at 330 nm) in CH2Cl2 (25 ◦C).
b) Absorption (solid and dashed dotted (zoomed 10x) lines) and PL spectra (dotted
lines) of L4P-O (red, excitation at 330 nm) and DPF-O (black, excitation at
435 nm) in CH2Cl2 (25 ◦C).
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L6P,[78] it seems most likely that structures related to the “phenol defect”[150] are
responsible for the green emission under the conditions employed by us.
Although the products formed in ethyl acetate behave in a very similar manner they
are not the same than the ones formed in methylene chloride, as for example proven
by their mass spectra. Because typically degradation is referred to an oxidation
process in the literature,[131, 151–155] the influence of oxygen on photodegradation
was evaluated. Samples of L4P in different solvents, each of them under Argon
as well as under air, were irradiated at 350 nm at equal conditions. In several sol-
vents (methylene chloride, ethyl acetate, tetrahydrofuran) bubbling Argon through
the solution prior to irradiation leads to a significant slow-down of the degradation.
The most pronounced difference was found for methylene chloride, where in the
Argon-saturated solution the typical L4P absorption decreased much more slowly
as compared to the aerated sample (figure 4.11a). Clearly, the absence of oxygen
inhibits photodegradation or at least it slows it down (also knowing that water was
present in all the samples).
To get another hint towards the oxidation mechanism, different quenchers for active
species of oxygen were added to solutions of L4P in ethyl acetate prior to irradiation.
Namely di-2,6-tert-butylphenol (DTBP) was added, which is a known scavenger for
radical auto-oxidation processes, as well as 1,4-diazabicyclo[2.2.2]octane (DABCO),
which is a quencher for singlet oxygen.[160] Surprisingly, the addition of DTBP did
not lead to a longer lifetime of the L4P in solution and in contrast the aging even
seemed to accelerate (figure 4.11b). However, upon addition of DABCO practically
Figure 4.11. a) Absorption (0.2 mm path length) of L4P in CH2Cl2 (initial con-
centration 10−3 mol L-1) after irradiation with 350 nm light under Argon (red) and
under air (black). b) Absorption (1 mm path length) of L4P solutions in ethyl ac-
etate (initial concentration 4.4 · 10−5 mol L-1) after irradiation with 350 nm light in
the presence of DTBP (green, 0.02 mol L-1) or DABCO (red, 0.02 mol L-1), without
an additive (black) as well as the original solution (blue). For solutions containing
additives, proper background correction has been carried out.
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no photodegradation was observed after the same duration of irradiation. Hence,
photodegradation of L4P in solution primarily seems to involve singlet oxygen as the
main active oxidant. Singlet oxygen engages in variety of reactions, mainly [2+2]-
and [4+2]-cycloadditions as well as ene-reactions, involving mostly olefins or dienes,
in some cases even aromatic systems, as substrates. Primarily (endo)peroxides and
oxetanes are formed in these reactions, which eventually would lead to the formation
of ketones and aldehydes.[161–163] L4P does not display one of these particularly
priviledged substrate structures giving rise to rather low selectivity during oxidation
and the large number of different degradation products obtained in ethyl acetate.
4.4 Degradation in the Solid State and Energy
Transfer25
To study degradation and energy transfer in the solid state, L4P has been embedded
in a polystyrene matrix at 1%, 10% and 20% (w/w) and spin cast to sapphire
substrates. In comparison to dilute solutions the 0-1 transition is the most prominent
one in the PL spectrum due to reabsorption of the 0-0 emission. Upon increasing
concentration, a broad emission in the blue-to green region is rising. Extended
UV-irradiation of the layers leads similarly to the experiments in solution to an
increase in the intensity of the green emission and a broadening and flattening of
the absorption. The PL excitation spectrum of the green emission resembles the
absorption spectrum of L4P with a certain amount of defects, strongly indicating
an energy transfer from L4P to the defects. The dynamics of the energy transfer
was studied by means of time-resolved PL spectroscopy and evaluated with a model
for Förster-type RET. At higher concentrations (20%), the emission of L4P shows
a non-exponential decay and in the emission of the defect a feeding process can be
observed and the evaluation shows, that the decay of the excited donor is dominated
by energy transfer.
4.5 Conclusion
It is demonstrated that small, ladder-type L4P molecules dispersed in solution or
a solid matrix degrade upon UV irradiation in the presence of oxygen. This pho-
todegradation results in green-yellow emitting defects, which for sufficiently small
intermolecular distances are efficiently excited via energy transfer from the original
L4P. The overall emission process from the defect traps agrees well with previous
extensive studies on photodegraded polyfluorene-type polymers.[133, 139, 164]
Considering the process of photodegradation, our system at first appears to be rather
similar to what has been proposed for polyfluorenes in the literature (i.e., greenish-
yellow emission upon extensive irradiation). But already kinetic studies with L4P
suggest that neither the fluorenyl anion mechanism,[131, 136] which should follow
25The work described in this section was carried out by Francesco Bianchi, Dr. Simon Halm, and
Dr. Sylke Blumstengel in the group of Prof. Fritz Henneberger (HU Berlin, Institut für Physik).
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typical first order photokinetics, nor the radical chain mechanism[151, 152] may ex-
plain our observations. The inhibition of photodegradation by adding DABCO to
the samples proved, that singlet oxygen is the major source of decomposition, as has
already been proposed by Abbel.[155] Thereby, the accelerating kinetics can readily
be explained: At the beginning the L4P substrate acts as singlet oxygen sensitizer,
yet with a rather low sensitization quantum yield.[165] But as soon as the aromatic
carbonyl defect has been formed, it acts as a much more efficient singlet oxygen
sensitizer due to the enhanced intersystem crossing leading to efficient population of
the carbonyl triplet,[166] and hence the photochemical degradation process is auto-
catalytic in nature.
4.6 Experimental
4.6.1 Analytical Instrumentation and Light Sources for
Degradation in Solution
Absorption spectra were recorded on a Varian Cary 50 Bio UV-Visible Spectrom-
eter and fluorescence spectra on a Varian Cary Eclipse Fluorescence Spectrome-
ter. Fluorescence, i.e. photoluminescence, spectra were corrected for variations in
photomultiplier response over wavelength using correction curves generated on the
instrument. For the kinetic measurements a 1000 W Oriel Xe arc lamp was used
equipped with a water-filter and an UG1-filter for L4P or an UG11-filter for 4P.
For preparative degradation and for comparative measurements on the influence of
oxygen or additives a Rayonet Photoreactor equipped with 350 nm fluorescent lamps
was used. During irradiation the samples were rotated using a Rayonet Marry-Go-
Round sample-holder. Analytical LC was performed on a Waters Acquity UPLC
equipped with a Waters LCT Premier XE Mass detector for high-resolution MS
(HR-MS, ESI+-ionization) and with Waters Alliance systems (consisting of a Wa-
ters Separations Module 2695, a Waters Diode Array Detector 996 and a Waters
LCT Premier XE Mass Detector).
4.6.2 Organic Synthesis
1H-NMR and 13C-NMR spectra were referenced to 7.26 ppm and 77.16 ppm, respec-
tively, for CDCl3 and 5.32 ppm and 53.8 ppm, respectively, for CD2Cl2.
Bromo-2-(methoxymethyl)benzene (1) After sodium (8.07 g, 351 mmol)
was reacted with methanol (120 mL; Evolution of heat: Use reflux condenser!),
2-bromobenzyl bromide (74.7 g, 300 mmol) was added slowly. Upon stirring the
mixture for 3 h at room temperature, water was added, followed by extraction with
CH2Cl2. The organic phase was dried (MgSO4) and the solvent was removed to
yield 59.5 g (296 mmol, 99% yield) of 1 as yellowish oil.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.55 (dd, J = 7.9, 1.1 Hz, 1H), 7.50 - 7.44





a) In medium scale: Bromine (24.7 g, 7.9 mL, 154 mmol) was added to powdered
9-fluorenone (11.6 g, 64.4 mmol; vigorous formation of HBr!). After 5 min the tem-
perature of the cake-like reaction mixture was raised to 150 ◦C and held there for
30 min. Upon cooling to 80 ◦C, THF (ca. 250 mL) was added until the entire prod-
uct was dissolved. The mixture was cooled to room temperature, the precipitate was
filtered off and washed with ethanol. The residual solution was concentrated and the
precipitate was filtered off again. After drying under vacuum, 2,7-dibromofluorenone
2 (19.2 g, 56.8 mmol, 88% yield) was obtained as a yellow solid.
b) In large scale: In a round-bottom flask equipped with addition-funnel, condenser
and gas-washing bottle (aq. NaOH) fluorenone (32 g, 178 mmol) was melted. At
140 ◦C the drop-wise addition of bromine (68.4 g, 427 mmol) was started. Mean-
while the temperature was raised to 200◦C. After the addition of Bromine was
finished, the mixture was stirred another 45 min at 200 ◦C. Afterwards the mixture
was cooled to room temperature and residual bromine and HBr were removed by
purging air through the apparatus. The crude product was crystallized from chloro-
form/methanol to give 42.6 g (126 mmol, 71%yield) of pure 2,7-dibromofluorenone
2, as well as a mixture of mono- and dibrominated product, which was stored for
subsequent brominations.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.77 (d, J = 1.8 Hz, 2H), 7.63 (dd, J = 7.9,
1.9 Hz, 2H), 7.39 (d, J = 7.9 Hz, 2H).
2,7-Bis(2-(methoxymethyl)phenyl)-9H-fluoren-9-one (3)
Under an argon atmosphere, a solution of 1 (5.03 g, 25 mmol) in dry THF (50 mL)
was cooled to -78 ◦C. nBuLi (12.3 mL, 27 mmol, 2.2 M in cyclohexane) was added to
the reaction mixture and it was stirred for 1 hour at -78 ◦C. Upon adding B(OBu)3
(6.21 g, 7.22 mL, 27 mmol), the mixture was allowed to warm to room temperature
and stirring was continued for another hour.
Then, the solution of the boronate was added to a mixture of 2 (3.38 g, 10 mmol),
Cs2CO3 (14.63 g, 45 mmol), and Pd(dppf)Cl2 ·CH2Cl2 (0.17 g, 0.2 mmol) in ethanol
(50 mL) and DMF (10 mL). The reaction was stirred overnight at 65 ◦C. After
cooling to room temperature, water was added and the mixture was extracted with
CH2Cl2. The organic phase was dried (MgSO4) and all volatiles were removed. The
crude product was purified by column chromatography (cyclohexane/ethyl acetate)
to obtain 3 as a yellow solid (2.3 g, 5.5 mmol, 55% yield).
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.72 (dd, J = 1.6, 0.6 Hz, 2H), 7.62 (dd, J
= 7.7, 0.6 Hz, 2H), 7.58 - 7.53 (m, 4H), 7.44 - 7.36 (m, 4H), 7.35 - 7.31 (m, 2H),
4.36 (s, 4H), 3.36 (s,6H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 193.9, 143.2, 142.1, 140.9, 135.8, 135.4, 134.6,
129.8, 129.8, 128.2, 128.2, 125.3, 120.3, 72.7, 58.3.
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Dimethyl 2,2’-(9-oxo-9H -fluorene-2,7-diyl)dibenzoate (4)
A mixture of 3 (2.1 g, 5 mmol), KMnO4 (4.74 g, 30 mmol), and TEBAC (6.84 g,
30 mmol) in CH2Cl2 (50 mL) was refluxed overnight. After cooling to room tem-
perature, the reaction was quenched with aqueous Na2S2O3, diluted with water and
extracted with CH2Cl2. The organic phase was dried (MgSO4) and the solvent was
removed. The crude product was crystallized from chloroform/ethanol, to give 4
(2.1 g, 4.7 mmol, 94% yield) as a yellow solid.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.92 (dd, J = 7.7, 1.3 Hz, 2H), 7.63 (d,
J = 1.2 Hz, 2H), 7.61 - 7.54 (m, 4H), 7.49 - 7.42 (m, 4H), 7.39 (dd, J = 7.6, 1.1 Hz,
2H), 3.71 (s, 6H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 168.6, 143.3,142.7, 141.8, 134.9, 134.6, 131.8,
130.7, 130.5, 130.4, 127.9, 124.6, 120.2, 52.3.
Dimethyl 2,2’-(9,9-dimethoxy-9H-fluorene-2,7-diyl)dibenzoate (5)
A solution of 4 (0.45 g, 1 mmol) and trimethyl orthoformate (1.3 mL, 1.16 g,
8 mmol), and a catalytic amount of methanesulfonic acid in methanol (10 mL)
and chloroform (10 mL) was refluxed overnight, whereupon the yellow color dis-
appeared. Then, the reaction mixture was quenched with aqueous NaHCO3 and
extracted with ethyl acetate. The organic phase was dried (MgSO4) and the solvent
was removed to give 5 (0.47 g, 0.95 mmol, 95% yield) as a nearly colorless solid.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.88 - 7.83 (m, 2H), 7.67 (dd, J = 7.8, 0.5
Hz, 2H), 7.59 - 7.53 (m, 2H), 7.50 - 7.40 (m, 6H), 7.38 (dd, J = 7.8, 1.7 Hz, 2H),
3.67 (s, 6H), 3.38 (s, 6H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 169.2, 142.3, 141.9, 141.2, 139.0, 131.5, 131.0,
130.8, 130.3, 130.1, 127.5, 125.1, 120.1, 52.2, 51.9.
12,12,15,15-Tetramethyl-12,15-dihydrospiro[cyclopenta[2,1-b:3,4-b’ ]diflu-
orene-6,2’-[1,3]dithiolane] (6)
Under an argon atmosphere CH3Li (14.7 mL, 44 mmol, 3.0 M in dimethoxymethane)
was added to a solution of 5 (2.17 g, 4.4 mmol) in dry THF (100 mL). After stirring
for 1.5 h, the reaction was quenched with methanol, water was added and the mix-
ture was extracted with ethyl acetate. The organic phase was dried (MgSO4) and
the solvent was removed. The crude product was dissolved in CH2Cl2 (100 mL) and
ethane dithiol (1.47 mL, 1.65 g, 17.6 mmol), as well as BF3 · THF (50% in THF,
7.8 mL, 9.83 g, 35 mmol) were added. After the reaction was stirred for 1 h at room
temperature and for 1 h at 40 ◦C, it was carefully quenched with excess aqueous
NaOH (≈10%). After stirring was continued for further 30 min, the mixture was
extracted with CH2Cl2. The organic phase was dried (MgSO4) and the solvent was
removed. The crude product was purified by column chromatography (petroleum
ether/ethyl acetate) to give 6 (1.1 g, 2.3 mmol, 51% yield) as a white to yellowish
solid.
1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 8.04 (d, J = 0.7 Hz, 2H), 7.82 - 7.77 (m,
2H), 7.76 (d, J = 0.7 Hz, 2H), 7.50 - 7.45 (m, 2H), 7.41 - 7.30 (m, 4H), 3.93 (s, 4H),
1.56 (s, 12H).
13C-NMR (75 MHz, CD2Cl2) δ [ppm] = 155.3, 154.4, 150.9, 140.0, 139.3, 138.5,





NIS (2.03 g, 9.0 mmol) was added to a solution of 6 in CH2Cl2 (40 mL) and acetic
acid (40 mL). Upon stirring the reaction for 10 min at room temperature, it was
poured on cold aqueous NaOH. The mixture was extracted with CH2Cl2, the or-
ganic phase was dried (MgSO4) and the solvent was removed. The crude product
was purified by column chromatography (CH2Cl2) to give L4P-O (0.57 g, 1.4 mmol,
61% yield) as orange crystals, as well as 7 (0.08 g, 0.2 mmol, 9% yield).
L4P-O: 1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 7.98 (d, J = 0.7 Hz, 2H), 7.81 -
7.74 (m, 2H), 7.67 (d, J = 0.8 Hz, 2H), 7.51 - 7.44 (m, 2H), 7.42 - 7.32 (m, 4H),
1.56 (s, 12H).
13C-NMR (75 MHz, CD2Cl2) δ [ppm] = 161.5, 153.9, 144.8, 140.6, 138.5, 135.0,
128.1, 127.7, 123.0, 120.5, 116.1, 115.2, 47.6, 27.0.
7: 1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.99 (d, J = 0.7 Hz, 1H), 7.82 (d, J =
7.6 Hz, 1H), 7.79 - 7.70 (m, 2H), 7.58 (dd, J = 4.1, 3.5 Hz, 2H), 7.51 - 7.43 (m, 2H),
7.42 - 7.32 (m, 4H), 1.73 (s, 6H), 1.56 (s, 6H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 193.9, 161.2, 154.6, 154.0, 153.6, 144.8, 144.2,
141.9, 140.3, 138.4, 137.9, 134.0, 130.4, 128.2, 127.9, 127.5, 127.1, 125.1, 122.9, 122.7,
120.4, 119.9, 119.1, 116.1, 114.5, 48.2, 47.4, 27.1, 24.7.
2,7-Bis(2-(methoxymethyl)phenyl)-9,9-dimethyl-9H -fluorene (9)
Under an argon atmosphere, a solution of 1 (5.03 g, 25 mmol) in dry THF (50 mL)
was cooled to -78 ◦C. nBuLi (28 mmol, 12.7 mL, 2.2 M in cyclohexane) was slowly
added and the mixture was stirred for 1 h. Then, tributyl borate (6.44 g, 7.49 mL,
28 mmol) was added and upon warming to room temperature, the solution was
stirred for another 30 min.
Subsequently the solution of the boronate was added to a mixture of 8 (3.52 g,
10 mmol), Pd(dppf)Cl2 ·CH2Cl2 (0.17 g, 0.2 mmol), and Cs2CO3 (14.6 g, 45 mmol)
in ethanol (50 mL) and DMF (10 mL). The reaction was stirred overnight under an
Argon atmosphere at 65 ◦C. After cooling to room temperature, water was added
and the mixture was extracted with CH2Cl2. The organic phase was dried (MgSO4)
and all volatiles were removed. Column chromatography (cyclohexane/ethyl ac-
etate) gave 1.7 g (3.9 mmol, 39% yield) of diether 9 as a colorless resin.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.82 (d, J = 7.8 Hz, 2H), 7.61 - 7.55 (m,
2H), 7.54 (d, J = 1.1 Hz, 2H), 7.45 - 7.38 (m, 8H), 4.39 (s, 4H), 3.40 (s, 6H), 1.58
(s, 6H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 153.8, 142.6, 140.0, 138.0, 135.5, 130.2, 129.8,
128.3, 128.0, 127.5, 124.0, 119.7, 72.9, 58.4, 47.1, 27.3.
Dimethyl 2,2’-(9,9-dimethyl-9H -fluorene-2,7-diyl)dibenzoate (10)
A mixture of 9 (1.52 g, 3.5 mmol), KMnO4 (3.32 g, 21 mmol), and TEBAC (4.79 g,
21 mmol) in CH2Cl2 (50 mL) was refluxed overnight. After cooling to room tempera-
ture, the reaction was quenched with aqueous Na2S2O3. The mixture was transferred
into a separation funnel and diluted with CH2Cl2 and water. Upon adding HCl to
dissolve MnO2, the phases were immediately separated. The organic phase was dried
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(MgSO4) and the solvent was removed. The crude product was purified by column
chromatography (cyclohexane/ethyl acetate) to give 1.3 g (2.8 mmol, 80% yield) of
diester 10 as a colorless solid.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.83 (dd, J = 7.7, 1.0 Hz, 2H), 7.78 (dd, J
= 7.7, 0.6 Hz, 2H), 7.60 - 7.52 (m, 2H), 7.49 (dd, J = 7.7, 1.1 Hz, 2H), 7.46 - 7.39
(m, 2H), 7.39 - 7.33 (m, 4H), 3.62 (s, 6H), 1.53 (s, 6H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 169.8, 153.8, 142.6, 140.5, 138.2, 131.4, 131.3,
130.8, 129.9, 127.5, 127.3, 123.0, 120.0, 52.1, 47.0, 27.4.
6,6-Dimethyl-6H -cyclopenta[2,1-b:3,4-b’ ]difluorene-12,15-dione L4P-O2
A solution of NaOH (8 g in 20 mL of water) was added to the solution of 10 (2.36 g,
5.1 mmol) in ethanol (300 mL). The mixture was stirred for 16 h at 75 ◦C. After
cooling to room temperature, the main amount of solvent was removed. Water, as
well as ethyl acetate were added until phase separation was observed. The aqueous
phase was washed with ethyl acetate and subsequently acidified (HCl). The precip-
itate was filtered off and dried under vacuum.
The crude acid was added to SOCl2 (100 mL) and stirred for 4 h at 60 ◦C. After-
wards methanesulfonic acid (2 mL) was added and SOCl2 was subsequently removed
by distillation. Aqueous NaHCO3 was added to the residue and it was extracted
with (a large quantity of) CH2Cl2. The organic phase was dried (MgSO4) and the
solvent was removed. The crude product was dispersed in few hot chloroform and
after stirring for some minutes, it was filtered off to give 1.4 g (3.5 mmol, 69% yield)
of L4P-O2 as an orange powder.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.99 (d, J = 0.7 Hz, 2H), 7.70 - 7.64 (m,
2H), 7.61 - 7.55 (m, 4H), 7.51 (td, J = 7.4, 1.1 Hz, 2H), 7.30 (td, J = 7.4, 1.1 Hz,
2H), 1.61 (s, 6H).
6,6,12,12,15,15-hexamethyl-12,15-dihydro-6H -cyclopenta[2,1-b:3,4-b’ ]
difluorene L4P
Under an argon atmosphere methyllitium (8 mL, 24 mmol, 3 M in dimethoxymethane)
was added to a solution of 10 (0.924 g, 2.0 mmol) in dry THF (60 mL). The reac-
tion was stirred for one hour at room temperature and subsequently quenched with
water. The mixture was extracted with ethyl acetate, the organic phase was dried
(MgSO4) and the solvent was removed. The crude intermediate was dissolved in
CH2Cl2 (100 mL) and BF3 · THF (50% in THF, 2 mL, 8 mmol) was added. After
stirring the reaction for 10 min at room temperature, it was quenched with aqueous
NaHCO3 and little ethanol. The mixture was extracted with CH2Cl2, the organic
phase was dried (MgSO4), filtered through a pad of silica and the solvent was re-
moved. After crystallization from chloroform/ethanol, L4P (0.30 g, 0.7 mmol, 35%
yield) was obtained as a colorless powder.
1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 7.85 (d, J = 0.7 Hz, 2H), 7.81 (d, J = 0.7





A mixture of 2 (1.01 g, 3.0 mmol), phenylboronic acid 11 (0.88 g, 7.2 mmol),
Pd(dppf)Cl2 ·CH2Cl2 (0.13 g, 0.15 mmol), and Cs2CO3 (2.44 g, 7.5 mmol) in ethanol
(30 mL), THF (30 mL) and DMF (10 mL) was stirred overnight under an argon
atmosphere at 60◦C. After cooling to room temperature, the mixture was poured
into water and the precipitate was filtered off. The crude product was dissolved
in warm THF and filtered through a pad of celite. The solvent was removed and
DPF-O (0.83 g, 2.50 mmol, 83% yield) was obtained by crystallization from THF.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.94 (d, J = 1.3 Hz, 2H), 7.75 (dd, J = 7.8,
1.8 Hz, 2H), 7.67 - 7.59 (m, 6H), 7.52 - 7.44 (m, 4H), 7.43 - 7.35 (m, 2H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 143.2, 142.4, 140.0, 135.4, 133.5, 129.1, 128.1,
127.0, 123.2, 120.9.
4.6.3 Isolation of Degradation Products
For the isolation of the defects solutions of L4P in CH2Cl2 and chloroform (≈
10−3 mol L-1) have been irradiated in a Rayonet photoreactor until the deep-blue
fluorescence vanished. Then the solvent was removed and excess L4P was removed
by crystallization from ethyl acetate. The residue was purified by column chromatog-
raphy over silica using a mixture of petroleum ether (b.p. 40 – 60 ◦C) and ethyl
acetate. The pre-purified samples have been further purified by semi-prep HPLC:
Waters 600 prep. HPLC pump, Waters 996 diode array detector, Waters fraction
collector III, Phenomenix Luno 10u Phenyl-Hexyl 250 x 21.2 mm; 22 mL/min 75%
AcCN, 25% H2O.
L4P-deg-a: 1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 11.20 (s, 1H), 8.05 (d, J =
0.7 Hz, 1H), 8.01 (s, 1H), 7.86 (dd, J = 6.8, 0.7 Hz, 1H), 7.83 - 7.79 (m, 2H), 7.50
- 7.46 (m, 2H), 7.40 - 7.33 (m, 4H), 1.71 (s, 6H), 1.63 (s, 6H), 1.55 (s, 6H).
13C-NMR (75 MHz, CD2Cl2) δ [ppm] = 194.0, 156.0, 155.5, 155.1, 154.9, 153.5,
152.8, 140.0, 139.7, 139.5, 139.2, 137.8, 137.8, 130.6, 128.2, 127.8, 127.4, 127.4,
123.1, 122.8, 120.3, 119.9, 119.4, 118.4, 114.5, 49.1, 47.1, 45.9, 27.8, 27.5, 26.8.
L4P-deg-c: 1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 10.05 (s, 1H), 7.99 (d, J =
0.4 Hz, 1H), 7.93 (d, J = 7.8 Hz, 1H), 7.91 - 7.86 (m, 4H), 7.83 (d, J = 0.5 Hz,
1H), 7.81 - 7.77 (m, 1H), 7.50 - 7.46 (m, 1H), 7.35 (pd, J = 7.3, 1.4 Hz, 2H), 1.62
(s, 6H), 1.61 (s, 6H), 1.57 (s, 6H).
1H-NMR (500 MHz, CD2Cl2) δ [ppm] = 10.05 (s, 1H), 7.99 (d, J = 0.7 Hz, 1H),
7.94 - 7.91 (m, 1H), 7.90 - 7.87 (m, 4H), 7.83 (s, 1H), 7.79 (d, J = 7.0 Hz, 1H), 7.48
(d, J = 6.8 Hz, 1H), 7.37 (td, J = 7.4, 1.3 Hz, 1H), 7.33 (td, J = 7.3, 1.2 Hz, 1H),
1.62 (s, 6H), 1.61 (s, 6H), 1.57 (s, 6H).
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5 Kinetics of Photodegradation of Various
2,7-Diphenylfluorenes
5.1 Introduction
As already pointed out in the last chapter, green emission in PF and related struc-
tures has widely been discussed. The most prominent explanation for the green
emission is the formation of fluorenone type (or at least keto) defects. (see e. g.
refs. [131, 132]). The formation of these fluorenone defects was mainly rationalized
by oxidation processes involving radicals or hydroperoxides at synthetic defect sites,
but also the influence of singlet oxygen was discussed.[151–155] In the previous chap-
ter it was shown, that under certain conditions, the main source of degradation was
rather singlet oxygen, than some auto-oxidation process. While the focus of that
chapter was mainly related to the conditions surrounding the degrading molecules,
this chapter will deal with the influence of the molecular structure on the degrada-
tion.
A crucial role in the efficiency of the degradation process is related to the substitu-
tion pattern of the fluorene-type material, namely to the substituent in 9-position
of the 9H -fluorene. In the above mentioned examples synthetic defect sites, such
as hydrogen instead of an alkyl substituent are identified to be sensitive towards
degradation. On the other hand, attempts have been made to introduce aryl units,
especially the spirobifluorene motif, to obtain fluorene-type materials, that are more
stable towards thermal, as well as photochemical degradation.[71, 153, 167–173]
However, these studies lack a quantification of the stability. Here, the stability of
a variety of differently substituted fluorene-type materials (Scheme 1) towards pho-
tochemical degradation in solution will be compared in a quantitative manner. But
what exactly does ’stable’ mean? According to the IUPAC Gold Book ”the term
[stable] expresses a thermodynamic property, which is quantitatively measured by
relative molar standard Gibbs energies”.[174] So one chemical species is more stable
if it liberates less Gibbs free energy as compared to a reference system. Since pho-
toreactions are not strictly governed by the principle of minimizing the Gibbs free
energy, the term reactivity could rather be used, which ”expresses a kinetic prop-
erty”.[175] Furthermore, the rate of a photoreaction is dependent on the intensity
of absorbed light, so the sensitivity towards photodegradation would very explicitly
be described by a reaction quantum yield. Since the absolute quantum yield is very
low and thus difficult to measure, only a relative quantum yield will be determined
in the following, which is referenced to the most unreactive derivative in the series
of investigated compounds.
To keep the following considerations as simple as possible, it was decided to use a
small molecule that carries only one fluorene unit and accordingly only one methy-
lene bridge. To shift the optical transitions to lower energies, the fluorene core was
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substituted by phenyl units in positions 2 and 7 leading to the 2,7-diphenylfluorene
(DPF) as central structural motif (figure 5.1). The methylene bridge was substituted
with a variety of groups, including methyl (DPF-Me2), hydrogen (DPF)[176],
phenyl (DPF-Ph2), spirobifluorene (DPF-sp), fluorine (DPF-F2), as well as oxo
substituents (DPF-O).[176, 177]
Figure 5.1. Investigated compounds and synthesis thereof.
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5.2 Synthesis and Crystal Structures
5.2 Synthesis and Crystal Structures26
The synthesis of the different compounds was achieved by Suzuki cross-coupling
of phenylboronic acid with the appropriate central 2,7-dibromofluorene unit either
in a two phase system employing Pd(PPh3)4 as catalyst and Na2CO3 as base or
in a one phase system with Pd(dppf)Cl2 · CH2Cl2 and Cs2CO3 (see figure 5.1).
The reaction conditions were mainly adapted from ref [118]. The reaction yields
range from 50 % (DPF-Me2 and DPF-F2) up to more than 80% (DPF, DPF-
O). It turned out, that the solubility of DPF is surprisingly low compared to the
other products. The synthesis of 2,7-dibromo-9,9-diphenylfluorene 7 starts with





Figure 5.2. Molecular structures of a) DPF-Me2, b) DPF-sp, c) DPF-F2, and
d) DPF-O from single crystal X-ray analysis. Thermal ellipsoides are drawn at the
50% probability level.
26The Synthesis of DPF-Ph2 was carried out by Sandra Behren in the framework of her
bachelor thesis. Collection of diffraction data and crystal structure refinement were carried out by
Dr. Beatrice Braun (HU Berlin, Institut für Chemie).
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and subsequently esterified with methanol in good yields to intermediate 5. The
ester was then reacted with phenyllithium to alcohol 6, which was ring-closed to
2,7-dibromo-9,9-diphenylfluorene 7.[168, 178]
For four of the derivatives it was possible to obtain single crystal X-ray structures
(see figure 5.2). DPF-Me2 and DPF-sp crystallize in Pna21 (orthorhombic),
DPF-F2 in P21/m (monoclinic), and DPF-O27 in Cmc21 (orthorhombic). None of
the structures incorporates solvent molecules. DPF-F2 and DPF-O posses mirror
symmetry with respect to the orientation of the phenyl units. In DPF-F2 there
are two molecules with slightly different conformation in the unit cell: The angle
between the fluorene plane and the phenyl plane is 26.95 ◦ for the one and 31.89 ◦ for
the other one. ForDPF-O they it amounts 35.71 ◦. For the other two molecules, the
orientation of the two phenyl units with respect to the fluorene plane is not equal.
In DPF-Me2 they measure 36.77 ◦ and 31.76 ◦. In DPF-sp the phenyl-fluorene
angles amount 43.89 ◦ and 40.32 ◦. Accordingly DPF-F2 can be considered the
most planar of these structures in the solid state and DPF-sp the least planar one.
5.3 Optical Properties
In terms of application, the main purpose of fluorene type materials is the emission
of light. In that context the optical properties for the absorption and emission are of
major importance. Figure 5.3 shows the absorption and PL spectra of the different
DPFs (see also table 5.1 and 5.2).
Figure 5.3. Absorption (solid line) and normalized PL spectra of DPF-Me2
(black), DPF (red), DPF-sp (magenta), DPF-Ph2 (blue), DPF-F2 (green), and
DPF-O (yellow) in ethyl acetate, ≈ 10−5 mol L-1.
27The crystal structure of DPF-O has recently been published in ref. [177] and the space group
agrees with our findings. However, the dimensions of the unit cell slightly deviate, which may be
related to a different temperature during the measurement.
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The all-hydrocarbon compounds (DPF-Me2, DPF, DPF-Ph2, and DPF-sp)
show more or less the same behavior in absorption: There are two maxima or one
maximum and one shoulder between 310 and 330 nm. The first maximum is slightly
stronger than the second one, except for DPF-sp. Here, the stronger absorption in
the second maximum can be attributed to the additional absorption of the spiro-
bifluorene unit. The shape of the emission spectrum is even more similar: There
Table 5.1. Absorption Data
compound solvent λmax / nm ϵmax / 103 L mol-1 cm-1
(λ / nm)
DPF-Me2 ethyl acetate 325 48 (325)
CH2Cl2 326 46 (326)
DPF ethyl acetate 322 45 (322)
CH2Cl2 325 47 (325)
DPF-Ph2 ethyl acetate 313, 330 39 (330)
CH2Cl2 314, 331 38 (331)
DPF-sp ethyl acetate 309, 332 42 (309)
CH2Cl2 310, 333 44 (310)
DPF-F2 ethyl acetate 317 45 (317)
CH2Cl2 320 43 (320)
DPF-O ethyl acetate 286, 322, 335, 431 19 (322)
CH2Cl2 289, 324, 337, 437 19 (324)
λmax: Absorption maxima; ϵmax (λ): Absorption maximum and corresponding
wavelength.
Table 5.2. Emission Data
compound solvent λEm / nm λEx / nm ΦPL
DPF-Me2 ethyl acetate 356, 372 325
CH2Cl2 355, 372 303 0.8
DPF ethyl acetate 352, 369 322
CH2Cl2 356, 372 303 0.5
DPF-Ph2 ethyl acetate 357, 374 330
CH2Cl2 361, 376 303 <0.01
DPF-sp ethyl acetate 357, 374 320
CH2Cl2 360, 376 310 1.0
DPF-F2 ethyl acetate 396 318
CH2Cl2 395 310 <0.01
DPF-O ethyl acetate 538 322
CH2Cl2 ≈550 310 0.04
λEm: Emission maxima; λEx: Excitation wavelength; ΦPL: Photoluminescence
quantum yield.
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are two main peaks with nearly equal intensity between 350 and 380 nm, and two
shoulders at lower energies. This vibronic progression is related to lower flexibil-
ity of the molecules in the excited state. Except for a slight blue shift of DPF,
the normalized PL spectra are very similar, but the effect of the substituent in the
methylene bridge on the PL quantum yield ΦPL in CH2Cl2 is dramatic: For DPF
ΦPL is about 0.5, methylation (DPF-Me2) increases ΦPL to 0.8, and for the spiro
compound DPF-sp it is roughly unity. But removing the spiro linkage between
the two phenyl substituents in the 9-position leads to a drop of ΦPL below one
per cent for DPF-Ph2. This may be attributed to the ability of free rotation of
the 9-phenyl in the excited state28 . DPF-F2 has an absorption maximum around
320 nm and a shoulder at the low-energy side and the emission is shifted to lower
energies compared to the hydrocarbons, having its maximum around 400 nm and
ΦPL is very low (< 1%). The ketone DPF-O shows a behaviour, which is typical
for the fluorenone-defect. In the region between 350 and 300 nm the absorption
is decreased compared to the other compounds, but below 300 nm it is strongly
increased. Below the ’normal’ absorption edge, a new, weak absorption band can be
found, which reaches far into the visible region. There is also a low energy emission
related to that transition with a maximum around 540 nm and a ΦPL of about 0.04.
5.4 Photochemical Degradation29
5.4.1 Theoretical Considerations Concerning the Kinetics of
Degradation
Regarding a simple photoreaction
hυ
A −→ B




In this equation φA denotes the quantum yield of the above mentioned reaction and
IA the number of absorbed (only by A) photons per unit time and unit volume.30




with z being the length of the path, the light traveled through the solution, ε∗ being
the natural absorption coefficient and I(z) being the intensity of light at the position
28Note: The 2,7-phenyls are not supposed to be freely rotatable in the excited state due to
partial double bond character of the phenyl-fluorene bond.
29The majority of kinetic degradation experiments was carried out by Sandra Behren in the




z.31 Assuming that the absorption of B can be neglected,32 the Lambert-Beer-Law
(I(z) = I0e−zε
∗
Aa) can be substituted into 5.2. This gives a measure for the intensity





To obtain the mean intensity of absorbed light IA in the cuvette, IA(z) has to be











For practical reasons, the natural extinction coefficient ε∗ is substituted by the















Equation 5.6 only accounts for monochromatic light. In our setup, a broader range
of wavelengths was used. Assuming, that φA is independent of the wavelength of












The change of concentration of da
dt
was determined by means of UV/Vis absorption
spectroscopy. Regarding the reaction hυ
A −→ B , the absorbance (normalized over the
length) for the sample is given by
1
l
E = aεA + bεB (5.8)
with a = a0 − αa0 = a0(1− α) and b = a0α, with a0 being the initial concentration
of A and α being the degree of reaction. This leads to the following expression for
the absorbance during the reaction:
1
l
E = a0(1− α)εA + a0αεB = a0 [εA + α(εB − εA)] . (5.9)
31Ref. [179], pp.167.
32This assumption is valid at the very beginning of the photoreaction and if εB is considerably
smaller than εA. Here, we only used the first few per cent of conversion for the analysis of the
kinetics.
33Integration would be the formally correct operation at this point, the summation accounts for
the numeric processing of the recorded spectral data.
91
5 Kinetics of Photodegradation of Various 2,7-Diphenylfluorenes





= (εB − εA)a0dα
dt
(5.10)




















being a factor that describes to which extent a change in con-
centration of A leads to a change in absorbance. In case εB is not known, β was




cording to Eqn. 5.11, leading to the following expression for the reaction quantum







I0(λir) [1− 10−EA(λir)] (5.12)
Unfortunately we were not able to determine the actual intensity I0 at the cu-
vette. However, for the determination of the proportion of the quantum yield of the
different compounds, the relative intensity of the irradiation wavelengths is suited,
as well. The relative intensity will be referred to as I∗0 . The output power (power
per area and wavelength interval) of the Xenon arc lamp is more or less constant
over the range of irradiation wavelengths (≈ 300 - 400 nm) we used.34 This was
converted to photons per area and time and multiplied by the transmittance of the
UG1 filter to give the relative light intensity I∗0 (see figure 5.4).
Figure 5.4. Estimated relative light intensity for the degradation experiments.













I∗0 (λir) [1− 10−EA(λir)]
. (5.13)
5.4.2 Phenomenological Findings
To get a quantitative measure for the efficiency of degradation, the changes of con-
centration are monitored after the sample has absorbed a certain amount of photons,
which is achieved by irradiation for a certain time with a constant light intensity.
In this case a Xenon arc lamp equipped with a UG1 filter (transmission ≈ 300 -
400 nm) was used, to irradiate a cuvette with the corresponding solution of the
DPF at a concentration slightly above 10-5 mol L-1 in ethyl acetate under air. But
before doing a quantitative analysis, some phenomenological findings are discussed.
In figure 5.5 the change of absorption of two typical samples is shown. In both
cases the main absorption band decreases and a low-energy tail and some higher
energy band are building up. In one of the cases (figures 5.5 a and c), which is
discussed by DPF-Me2 as example, but also represents DPF-sp and DPF-Ph2,
the degradation is relatively slow. At the beginning, there are only slight changes
and the process seems to accelerate. The extinction difference (ED) plot[180] (fig-
ure 5.5 a), inset) does not give an obvious linear relationship. At first sight, this
might be attributed to the small EDs above 4.5 eV and below 3.5 eV, but also linear
fitting does not give lines through the origin, especially the positive slope contra-
dicts a uniform reaction. This kinetic behavior may be related to an auto-catalytic
degradation process involving singlet oxygen, as we just proposed for methylated
ladder-type oligo-para-phenylenes.[117] In later stages of the degradation process
(not shown here) the absorption is broad and flat, evenly decreasing upon further
irradiation. UPLC-UV/Vis-Absorption analysis (figure 5.5 e) of degraded solutions
shows a large variety of products. This is in agreement to the ED plots, demon-
strating the manifoldness of the involved photoreactions.
In the second case (figure 5.5 b, d, and f), which is represented by DPF, the con-
version is way faster. The reaction starts rapidly, decelerates over time, and stops
more or less at a certain point. The ED plot clearly shows a linear relationship and
linear fitting gives lines, which – more or less – cross the origin. This kind of kinetics
may be related to a first-order reaction, as expected for a uniform photoreaction of
the type A→B. Furthermore, the final absorption spectrum (red line in figure 5.5
b) looks very much like the absorption spectrum of DPF-O. This finding was also
confirmed by UPLC-analysis (figure 5.5f). The degradation of DPF-F2 (figure 5.6)
seems even faster, also giving DPF-O as reaction product. However, the ED plot,
which is not strictly linear, as well as the initial increase and subsequent decrease of
the band at 3 eV do rather suggest a two-step process with some intermediate being
formed. In summary, UV-irradiation of DPF and DPF-F2 leads to relatively rapid
conversion to DPF-O (figure 5.7) without formation of significant amounts of side
products, while the samples with carbon-carbon bonds in the methylene bridge only
slowly undergo photodegradation and form a large variety of products. The pho-
todegradation of DPF-O was also investigated, but it is much slower than all the
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Figure 5.5. Change in absorption upon photochemical degradation in ethyl acetate
with light of 290 - 410 nm: a) Changes in the absorption spectrum of DPF-Me2,
initial concentration 1.50· 10-5 mol L-1, time interval: 1 h. Inset: ED plot, ED at
370 nm vs. ED at 325 nm (red squares, solid line: linear fit), ED at 270 nm vs.
ED at 325 nm (black circles, solid line: linear fit). b) Changes in the absorption
spectrum of DPF, initial concentration 1.12 · 10−5 mol L-1, time interval: 10 min.
Inset: ED plot, ED at 285 nm vs. ED at 325 nm (red squares, solid line: linear
fit), ED at 430 nm vs. ED at 325 nm (black circles, zoomed x10, solid line: linear
fit). c) Absorbance of DPF-Me2 at 325 nm vs. irradiation time. d) Absorbance
of DPF at 323 nm vs. irradiation time. e) Absorption trace (330 ± 5 nm) of a
liquid chromatography run of pristine (black) and photodegraded (red) DPF-Me2.
f) Absorption trace (280 ± 5 nm) of a liquid chromatography run of pristine DPF






Figure 5.6. Photochemical degradation of DPF-F2 in ethyl acetate with light of
290 - 410 nm. a) Changes in the absorption (initial concentration: 1.30 · 10−5 mol
L-1), time interval: 1 min. Inset: ED plot, ED at 285 nm vs ED at 320 nm (black
circles), ED at 420 nm vs. ED at 320 nm (red squares). b) Absorbance at 317 nm vs.
irradiation time. c) Absorption trace (280 ± 5 nm) of liquid chromatography runs
of pristine DPF-F2 (blue), degraded DPF-F2 (red), as well as DPF-O (black).
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a)
b)
Figure 5.7. Identified reaction products of photodegradation of a) DPF-F2 and
b) DPF.
other examples, which might at least partly be due to the lower extinction coefficient
at the irradiation wavelengths. In the end, it was too slow to generate quantitative
information about its degradation in a reasonable irradiation time.
5.4.3 Evaluation of Kinetic Studies
The strict determination of a quantum yield of the accelerating DPF-Me2-type ki-
netics is somewhat difficult, because the knowledge of the exact reaction mechanism
is needed and the critical photochemical step has to be identified. Furthermore this
number would possibly not be comparable to the simpler mechanism. Accordingly,
it was decided to treat the different reactions, as if they were of the simple type
A → B. From a practical point of view, this should be appropriate to answer the
question: How fast do the first few per cent of a material degrade? The quantum
yield of that photoreaction can be determined according to equation 5.13. In this
equation, dE(λobs)
dt
denotes the change of absorbance at the observation wavelength
and can easily be monitored during irradiation. εA(λobs)β gives the relation of the
first term to a change in concentration and the last term accounts for the amount
of absorbed light. The asterisk (∗) in I∗0 and φ∗A denotes, that the absolute light
intensity I0 is not known, but I∗0 (λir) is at least proportional to the actual intensity.
Hence, φ∗A is also not the actual quantum yield, but a number that is proportional
to it. Later it will be normalized to the slowest degrading compound, to give a
relative efficiency of degradation. β is a factor, that describes, to which extent a
change of the concentration of the starting material leads to a change in absorbance.
It can be calculated as β = εA−εB
εA
, when the extinction coefficient of the product
is known and the product is stable. So for DPF β is 0.58 and for DPF-F2 it is
0.64 (see table 5.3). In the case of the other three compounds, the determination
of β is more demanding: On the one hand, there is a large variety of degradation
products, which would still allow for the determination of an effective εB of the
product mixture. But on the other hand, the process does not ’stop’ at a certain
stage, or with other words the primary degradation products degrade, as well at a
velocity that is not negligible. However, it is possible to find a relationship between
the concentration of the starting material and the absorbance in an experimental
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Figure 5.8. Determination of β by absorbance and UPLC. The normalized ab-
sorbance of the product mixture is plotted versus the normalized concentration,
which was determined by UPLC (integrated absorption trace) for DPF-Me2 (red
diamonds), DPF-Ph2 (black circles), and DPF-sp (blue squares). Inset: Zoom
into the zone of the linear fits.
way. Therefore, solutions of ≈ 10−4 mol L-1 of the DPFs in ethyl acetate have been
irradiated in a photoreactor at 300 nm. From time to time the absorption spectrum
of the solutions was recorded and the corresponding concentration of the starting
material was monitored by UPLC (integration of the absorption peak in the chro-
matogram). In figure 5.8 the normalized absorbance of the sample is plotted versus
the concentration of the starting material. Luckily, it turned out that there is nearly
a linear relationship. Hence, β is given by the slope of the linear fit. To account
for the fact, that only the first few per cent of conversion were used to determine
dE(λobs)
dt
, also here only the range of the first 20% conversion was fitted (see figure
5.8, inset). According to this procedure, for DPF-Me2 a β of 0.64 was found, for
DPF-Ph2, it is 0.55 and for DPF-sp 0.59. These values are also in the range of
the ones, which were calculated by the extinction coefficient of the known product
for DPF and DPF-F2.
Finally, the relative efficiencies of the photodegradation of the different DPFs were
determined according to equation 5.13. The two aryl substituted compounds DPF-
Ph2 and DPF-sp degrade equally slowest (φ∗ = 1). The methyl substituted one
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DPF-Me2 degrades roughly tree times faster. The hydrogen substituted DPF de-
grades another 100 times faster, reaching a φ∗ of 290. Surprisingly, the degradation
of the fluorinated compound is by far the fastest with a φ∗ of 2200.
5.5 Conclusion
In this chapter a method for the quantification of the inertness of fluorene type
materials towards photodegradation was presented. Regarding the kinetics of pho-
todegradation of a series of differently bridge substituted 2,7-diphenylfluorenes as
model compounds for polyfluorenes, it turned out, that this the reaction is governed
by two very different mechanisms. While hydrogen or fluorine substituents in the
bridge (represented by DPF and DPF-F2) give a typical decelerating first-order
photokinetics, leading to the fluorenone-product DPF-O, aryl and alkyl substitu-
tion (represented by DPF-Me2, DPF-Ph2, and DPF-sp) leads to a degradation,
which accelerates in the beginning and gives a large variety of products. The lat-
ter ones are also way more inert. Aromatic substituents are the most inert ones,
no matter if phenyl or spirobifluorene. However, the phenyl substituents in the
bridge reduce the fluorescence quantum yield (in solution) dramatically. The methyl
substituted compound degrades about three times more efficient. Finally, the spiro-
compound is the best one, taking into account both inertness and luminescence. But
also alkyl substitution still shows acceptable inertness towards degradation combined
with a good fluorescence quantum yield, if it is properly purified. These findings




Analytical LC was performed on a Waters Acquity UPLC equipped with a Waters
LCT Premier XE Mass detector for high-resolution MS (HR-MS, ESI+-ionization)
and with Waters Alliance systems (consisting of a Waters Separations Module 2695,
a Waters Diode Array Detector 996 and a Waters LCT Premier XE Mass Detector).
5.6.2 UV-Vis Spectroscopy
Absorption spectra were recorded on a Varian Cary 50 Bio UV-Visible spectrometer
and fluorescence spectra on a Varian Cary Eclipse Fluorescence spectrometer using
10.0 x 10.0 mm quartz cuvettes. For the studies on degradation a 1000 W Oriel Xe
high pressure arc lamp was used equipped with a water-filter and an UG1-filter.
5.6.2.1 Fluorescence Quantum Yield
The fluorescence quantum yield was determined according to
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In the equation Φ depicts the fluorescence quantum yield,
∫
I(λ)dλ the area under
the fluorescence spectrum, E(λEx) the extinction (absorbance) at the excitation
wavelength (which was kept the same for sample and reference), and n the refractive
index of the solvents used. Index R denotes properties of the reference, and S of
the unknown sample. p-quarterphenyl in cyclohexane, assuming Φ = 0.89[99], was
used as reference.[126, 127]
5.6.3 Organic Synthesis
1H-NMR and 13C-NMR spectra were referenced to 7.26 ppm and 77.16 ppm, respec-
tively, for CDCl3 and 5.32 ppm and 53.8 ppm, respectively, for CD2Cl2.
9,9-Dimethyl-2,7-diphenyl-9H -fluorene DPF-Me2
Under an argon atmosphere Pd(PPh3)4 (0.116 g, 0.10 mmol) was added to a stirred
solution of 1 (1.76 g, 5.0 mmol) in THF (100 mL). The mixture was stirred for
10 min. Then, phenylboronic acid 2 (1.46 g, 12.0 mmol), as well as aqueous Na2CO3
(40 mL, 2.0 mol L-1) were added and the reaction was stirred for 4 h at 65 ◦C. After
cooling to room temperature, water was added and the mixture was extracted with
ethyl acetate. The organic phase was dried (MgSO4) and the solvent was removed.
Purification by column chromatography (petroleum ether/ethyl acetate), recrystal-
lization (CH2Cl2/cyclohexane), and sublimation yielded 0.9 g (2.6 mmol, 52% yield)
of DPF-Me2.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.81 (d, J = 7.8 Hz, 2H), 7.72 - 7.65 (m,
6H), 7.60 (dd, J = 7.9, 1.6 Hz, 2H), 7.48 (t, J = 7.5 Hz, 4H), 7.37 (t, J = 7.3 Hz,
2H), 1.59 (s, 6H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 154.7, 141.7, 140.6, 138.3, 128.9, 127.4, 127.3,
126.4, 121.6, 120.5, 47.2, 27.5.
2,7-Diphenyl-9H -fluorene DPF
Under argon, a mixture of 2,7-dibromo-9H -fluorene 3 (1.62 g , 5.0 mmol), phenyl-
boronic acid 2 (1.53 g, 12.5 mmol), Pd(dppf)Cl2 · CH2Cl2 (0.83 g, 0.10 mmol), and
Cs2CO3 (4.88 g, 15.0 mmol) in THF/ethanol/DMF (40/40/10 mL) was stirred at
65 ◦C for 2 h. After cooling to room temperature, water was added and the mix-
ture was extracted with CH2Cl2 (>400 mL, low solubility). The organic phase was
dried (MgSO4) and the major amount of solvent was removed. The precipitate was
filtered off and purified by gradient sublimation. DPF (1.3 g, 4.1 mmol, 82% yield)
was obtained as a nearly colorless solid.
1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 7.89 (d, J = 8.0 Hz, 2H), 7.84 - 7.81 (m,
2H), 7.72 - 7.63 (m, 6H), 7.51 - 7.43 (m, 4H), 7.40 - 7.32 (m, 2H), 4.05 (s, 2H).
Methyl-4,4’-dibromo-[1,1’biphenyl]-2-carboxylate (5)
The literature procedure[178] was modified: A stirred suspension of 2,7-dibomofluoren-
one 4 (10.4 g, 30.8 mmol) in anisole (100 mL) was heated to 100 ◦C. Then, KOH
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(12.0 g, 214 mmol) was added and the solution was heated to 160 ◦C. The mixture
was stirred at that temperature, until a white precipitate had formed and the yel-
low color of the solution had vanished. The precipitate was filtered from the hot
solution, washed with petroleum ether and dissolved in water. Upon adding conc.
hydrochloric acid, the product precipitated. It was filtered off and dried.
The crude carboxylic acid was dissolved in methanol (200 mL) at 65 ◦C. After adding
conc. sulfuric acid (8 mL), the mixture was stirred over night at that temperature.
Then, methanol was removed and the residue was dissolved in ethyl acetate. The
solution was washed with aqueous NaHCO3 and water (3x). The organic phase was
dried and the solvent was removed. The crude product was purified by column chro-
matography (petroleum ether/ethyl acetate) to give 11.0 g (29.6 mmol, 95% yield)
of methyl ester 5.
1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 7.98 (d, J = 2.2 Hz, 1H), 7.68 (dd, J =
8.2, 2.2 Hz, 1H), 7.58 - 7.49 (m, 2H), 7.23 (d, J = 8.2 Hz, 1H), 7.20 - 7.12 (m, 2H),
3.67 (s, 3H).
13C-NMR (75 MHz, CD2Cl2) δ [ppm] = 167.4, 140.1, 139.6, 134.8, 133.2, 132.6,
131.6, 130.4, 122.1, 121.8, 52.6.
(4,4’-Dibromo-1,1’-biphenyl-2-yl)diphenylmethanol (6)35
Under an argon atmosphere nBuLi (3.2 mL, 7.0 mmol, 2.2 mol L-1 in cyclohexane)
was added to a solution of bromobenzene (1.1 g, 7 mmol) in THF (10 mL) at -78 ◦C.
After stirring the mixture at that temperature for 30 min, it was added to a solution
of 5 (1.1 g, 3.0 mmol) in THF (20 mL). The reaction was stirred at 60 ◦C for one
hour. After cooling to room temperature, the reaction was quenched with diluted
aqueous NH4Cl and extracted with CH2Cl2. The organic phase was dried (MgSO4),
the solvent was removed and the product was crystallized from CH2Cl2/ethanol. 6
(1.02 g, 2.06 mmol, 69% yield) was obtained as colorless crystals.
1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 5.46 (dd, J = 8.1, 2.1 Hz, 1H), 5.34 - 5.21
(m, 8H), 5.16 - 5.07 (m, 4H), 4.97 (dd, J = 5.1, 2.9 Hz, 2H), 4.68 - 4.59 (m, 2H).
13C-NMR (75 MHz, CD2Cl2) δ [ppm] = 146.9, 140.6, 134.3, 133.0, 131.5, 131.1,
130.5, 129.4, 128.3, 128.2, 127.9, 121.8, 121.3, 110.4, 83.2.
2,7-Dibromo-9,9-diphenyl-9H -fluorene (7)36
Concentrated sulfuric acid (0.5 mL) was added to a stirred solution of 6 (0.5 g,
1.0 mmol) in acetic acid (15 mL) at 100 ◦C. The mixture was stirred at that tem-
perature for one hour and finally poured into water. The precipitate was filtered off
and crystallized from chloroform/ethanol to give 7 (0.4 g, 0,84 mmol, 83% yield) as
white powder.
1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 7.69 - 7.62 (m, 2H), 7.52 (m, 4H), 7.30 -
7.23 (m, 6H), 7.19 - 7.10 (m, 4H).
13C-NMR (75 MHz, CD2Cl2) δ = 153.4, 144.8, 138.5, 131.4, 129.6, 128.9, 128.3,
127.6, 122.2, 110.4, 66.0.
35According to ref. [168].





A mixture of 7 (0.4 g, 0.84 mmol), phenylboronic acid 2 (0.26 g, 2.1 mmol),
Cs2CO3 (1.26 g, 3.8 mmol), and Pd(dppf)Cl2 · CH2Cl2 (0.014 g, 0.017 mmol) in
THF/ethanol/DMF (10/10/2.5 mL) was stirred under an argon atmosphere for
30 min at 70 ◦C. Then, it was poured into water and extracted with ethyl acetate.
The organic phase was dried (MgSO4) and the solvent was removed. The crude
product was purified by column chromatography (petroleum ether/ethyl acetate) to
give DPF-Ph2 (0.24 g, 0.51 mmol, 61% yield) as white powder.
1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 7.95 - 7.88 (m, 2H), 7.72 - 7.64 (m, 4H),
7.64 - 7.56 (m, 4H), 7.48 - 7.39 (m, 4H), 7.38 - 7.22 (m, 12H).
13C-NMR (75 MHz, CD2Cl2) δ [ppm] = 152.5, 146.2, 141.4, 141.2, 139.4, 129.1,
128.7, 128.5, 127.7, 127.4, 127.2, 127.2, 125.2, 121.0, 66.1.
2,7-Diphenyl-9,9’-spirobi[fluorene] DPF-sp
Under an argon atmosphere Pd(PPh3)4 (0.18 g, 0.16 mmol) was added to a so-
lution of 2,7-dibromospirobifluorene 8 (0.75 g, 1.6 mmol) in THF (40 mL). After
stirring for 10 min, aqueous Na2CO3 (12.6 mL, 2.0 mol L-1) and phenylboronic acid
2 (0.46 g, 3.8 mmol) were added. The reaction was stirred for 24 h at 65 ◦C. After
cooling to room temperature, water was added and the mixture was extracted with
ethyl acetate. The organic phase was dried (MgSO4) and the solvent was removed.
The crude product was purified by column chromatography (petroleum ether/ethyl
acetate) and subsequent crystallization (ethyl acetate) to give DPF-sp (0.50 g,
1.1 mmol, 68% yield) as colorless solid.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.93 (d, J = 7.9 Hz, 2H), 7.87 (d, J = 7.6
Hz, 2H), 7.63 (dd, J = 7.9, 1.7 Hz, 2H), 7.46 - 7.21 (m, 12H), 7.12 (td, J = 7.5, 1.1
Hz, 2H), 6.94 (d, J = 1.6 Hz, 2H), 6.83 (d, J = 7.6 Hz, 2H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 150.1, 148.9, 142.1, 141.2, 140.9, 128.8, 128.1,
128.0, 127.4, 127.3, 127.2, 124.5, 123.0, 120.6, 120.3, 66.3.
9,9-Difluoro-2,7-diphenyl-9H -fluorene DPF-F2
Under an argon atmosphere, phenylboronic acid 2 (0.36 g, 3.0 mmol) was added to
a mixture of 9 (0.40 g, 1.1 mmol), Pd(dppf)Cl2 · CH2Cl2 (0.06 g, 0.09 mmol) and
Cs2CO3 (0.89 g, 2.75 mmol) in THF/ethanol/DMF (8/8/2 mL). After stirring the
mixture for 2 h at 65 ◦C, water was added and the (cooled) mixture was extracted
with CH2Cl2. The organic phase was dried (MgSO4) and all volatiles were removed.
Column chromatography (petroleum ether/ethyl acetate) gave 0,20 g (0.56 mmol,
51% yield) of DPF-F2.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.88 (d, J = 1.1 Hz, 2H), 7.72 (dd, J = 7.9,
1.6 Hz, 2H), 7.68 - 7.62 (m, 6H), 7.53 - 7.44 (m, 4H), 7.44 - 7.36 (m, 2H).
13C-NMR37 (75 MHz, CDCl3) δ [ppm] = 142.2, 140.3, 139.0, 138.3, 131.1, 129.1,
128.0, 127.2, 122.8, 120.92.
For further purification DPF-F2 was crystallized from THF.
37spectrum incomplete/multiplets not assigned
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5.6.4 Crystal Structure Analysis
The diffraction data were collected on a STOE IPDS 2Θ diffractometer at 100 K.
Crystallographic data are depicted in the crystallographic table. The structures
were solved by direct methods (SHELXS-97)[124] and were refined with the full-
matrix least-squares method n F 2 (SHELX-97 and SHELXL-2013)38. The hydrogen
atoms were placed at the calculated positions and were refined by using a riding
model. The data, which contain the supplementary crystallographic information,
can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.















































































































































































































































































































































































































































































































































































































In the field of organic electronics oligo and poly(para-penylene)s have attracted great
interest for more than two decades now. Because of their relatively wide band gap
and their strong optical transitions, these materials have been employed as singlet
emitters for blue OLEDs very early.[77, 128–130, 181] Within this class of materials
Scherf and Müllen introduced the ladder-type poly(para-phenylene)s by bridging
each phenylene unit with a five-membered ring to overcome the limited processabil-
ity of unsubstituted poly(para-phenylene). But in contrast to polyfluorenes, these
polymers possess a very planar conjugated backbone.[67, 68, 70] This molecular
design leads to unique electronic structures and optical properties for fully con-
jugated polymers.[74–76, 84–86] Similarly to polyfluorenes,[133] LPPPs also suffer
from parasitic green defect emission, which is mainly related to oxidative degrada-
tion in general and espacially at synthetic defect sites accompanied by distortion of
the backbone planarity[117, 147–150, 182] One way to affect the sensitivity towards
degradation is the substituion pattern. It was shown for polyfluorenes, as well as
for LPPPs, that aromatic bridge substitution gives the most inert structures,[71,
153, 167, 169–172] which was also proven in the previous chapter. In the case of
LPPPs the most common motif for aromatic bridge substituents is the spirobifluo-
rene. It was incorporated into polymers[173, 183], ’linear’ oligomers,[72, 184] as well
as oligomers (trimers) deviating from the the usual para-phenylene structure with
the bridging moiety on alternating sides of the ribbon.[185–187]
Due to their narrow and strong optical transitions, LPPPs and the correspond-
ing oligomers are favorable building blocks for hybrid resonant optoelectronic de-
vices[46] exploiting dipolar coupling to excitons in inorganic semiconductors. The
all-methylated L4P (R1=R2=CH3 in figure 6.1) matches the emission of ZnO quan-
tum wells, and thus is suited for the production of resonant devices.[49, 50, 78]
Figure 6.1. Backbone structures of target molecules.
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However, in practice the photochemical inertness and the processability of L4P still
remained an issue. Since aromatic substitution leads to enhanced photochemical
stability and the introduction of spirobifluorene units may affect the thin film mor-
phology, the effects of subsequent increments of the number of spiro groups in the
target molecules is analyzed.
In this chapter the synthetic routes to subsequently exchanged symmetry equivalent
methyl groups by spiro-bifluorene units in the ’linear’ L4P (figure 6.1a, cyclopenta[2,1-
b:3,4-b’ ]difluorene core, referred to as L4P in the following) are presented. These
structures are related to refs. [72, 184], although solubilizing groups are omitted to
guarantee vacuum processability. Here, we discuss the influence of the spiro-groups
on the molecular packing in solid state by X-ray crystal structures, as well as the in-
fluence on the optical properties. Furthermore the potential of band gap engineering
by on-purpose synthesis of the ’bent’ isomer of LOPPs (figure 6.1b, cyclopenta[1,2-
a:4,3-a’ ]difluorene core, referred to as iso-L4P in the following) will be discussed.
This work is related to refs.[185, 186], but it was never demonstrated for oligomers
of this size.
6.2 Results and Discussion
6.2.1 Synthesis of Spiro-LOPPs39
The synthesis of ladder-type oligo or poly(para-phenylene)s involves two major steps:
buildup of the para-phenylene backbone by cross-coupling reactions and subsequent
bridging by Friedel-Crafts type reactions. In case of the linear tetramer (figure
6.1a) it is suitable to couple two terminal phenyl units to a central fluorene unit.
The functional units for the intramolecular bridging reaction may ether be located
at the central fluorene or at the phenyl groups, the latter route being simpler but
not applicable in every case.[78, 104] Ideally the bridging is the last step of the
synthesis, since the rigid products typically possess a low solubility. However, post-
bridging functionalization is carried out here, as well. To obtain the spiro com-
pounds 2-metalbiphenyl is added to the corresponding ketones and the intermediate
carbinols are reacted in acetic acid/HCl as described already very early for 9,9’-
spirobifluorene.[188]
The synthesis of L4P has already been described.[78, 117] In a first attempt (fig-
ure 6.2) of synthesizing L4P-sp, 2,7-dibromospirobifluorene 1 was used as central
building block and coupled to boronic ester 2. The product was oxidized to the ester
3 and reacted with methyl lithium. The resulting alcohol was converted to the fully
bridged structure using BF3 · THF. But after initial purification of the product, it
turned out that also unwanted isomers have been formed. Although the low regios-
electivity in the bridging reaction is unusual, it is not unknown.[186] However, in
this particular case the substitution pattern favors very low selectivity. The isomeric
mixture contained only 55% of the target isomer L4P-sp. Since quantitative pu-
rification was not possible with reasonable effort, another synthetic strategy had to
39Some stages of the synthesis of iso-L4P-sp2 were carried out by Jutta Schwarz (HU Berlin,
Institut für Chemie).
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Figure 6.2. Attempted synthesis of L4P-sp.
be employed. When the isomerically pure ketone L4P-O once was available (figure
6.3a),[117] the synthesis of L4P-sp became relatively facile and good yields were
found for the introduction of the spiro group. L4P-sp2 was synthesized in the same
manner from the diketone L4P-O2. Initially the synthesis of L4P-sp3 was also
planned via a bridged diketone but due to solubility issues in the keto stage and the
low regioselectivity in the case of L4P-sp, it was decided to follow a route that does
not need further functionalization after the bridging step. This was achieved by using
methoxymethyl (MOM) protected (9-(2-Bromophenyl)-9H -fluoren-9-yl)methanol 6
as terminal building block[189] and 2,7-dibromospirobifluorene 1 as the central one.
Cross coupling and final intramolecular Friedel-Crafts alkylation were carried out
without purification of intermediates in relatively low yields. But, although the pu-
rification is demanding, L4P-sp3 can be synthesized on a gram scale.
As it turned out, the introduction of the spirobifluorene units shifts the absorption
off-resonance with respect to ZnO, the necessity for slightly blue shifted derivatives
emerged. For indenofluorene derivatives it was already shown, that the relative
position of the bridges shifts the absorption spectra.[185] Furthermore the UV-Vis
absorption traces of analytical LC runs of the isomeric mixture 4 showed a blue
shift for the unwanted isomer of L4P-sp. For that reason an on-purpose synthesis
for derivatives with the cyclopenta[1,2-a:4,3-a’ ]difluorene (iso-L4P) core was de-
veloped (figure 6.4). The desired regio isomer may ether be synthesized by attaching
the bridging functionalities at the central fluorene unit in 1- and 8-position or by
protecting the usual 3- and 6-position of the fluorene and using terminal phenyl
units with the bridging functionality. Here, it was decided to use the latter one
and bromine was employed as protecting group. 3,6-dibromo-9,9-dimethylfluorene
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7 was diiodinated in 2- and 7- position and subsequent cross-coupling with the
phenylboronic ester prepared from 9 employing Pd(PPh3)4 as catalyst in THF and
aqueous Na2CO3 gave a high selectivity for Iodine. 10 was converted to the diketone
12 by usual methods of subsequent oxidation, saponification and Friedel-Crafts acy-
lation. Direct reaction of the dibromo-diketone 12 with 2-lithium biphenyl followed
by a Friedel-Crafts alkylation gave 13 only in very low yields. However, bromine can
be removed in a three-step sequence of reduction of the ketones to the corresponding
alcohol, halogen metal exchange, quenching with a proton source, and re-oxidation
of the hydroxyl groups to the diketone iso-L4P-O2, which can finally be reacted
to iso-L4P-sp2 in 60% yield.
Figure 6.3. a) Synthesis of L4P-sp, b) synthesis of L4P-sp2, and c) synthesis of
L4P-sp3.
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Figure 6.4. Synthesis of iso-L4P-sp2.
109
6 Spiro-Bridged Ladder-Type oligo(para-Phenylene)s
6.2.2 X-Ray Structures and Molecular Packing40
When going from solution to the solid state (in a device), intermolecular interactions
have significant impact on the performance of a material. Thus, it is important to
consider the effects of the molecular packing. Planar, rod-like organic π-conjugated
oligomers tend to crystallize in a small number of molecular packing patterns that
can be categorized by a few parameters describing their intermolecular orientation.
In the simplest case the π-systems are oriented on top of each other forming a π-
stack. As π-stacking is energetically unfavorable in many cases, displacement of the
molecules with respect to each other may occur. The displacement along the long
axis is referred to as pitching, characterized by a pitch distance or pitch angle (the
angle between the stack and the normal of the molecular plane) and rolling, which
relates to the displacement along the short molecular axis. If different stacks are
rolling into opposite directions, typical herringbone-structures are formed.[190, 191]
These intermolecular orientations and distances have an impact on the optical and
electronic properties of the crystalline solid. While the electronic interactions are
of very short range, the excitonic coupling is of farther range and less sensitive to
small geometrical changes. Here, mainly the strength and orientation of the optical
transition dipole is important. In π-stacked and herringbone arrangements with
zero or low pitch, this can lead to the formation of H-aggregates, accompanied by
a hypsochromic shift in absorption and a bathochomic shift in emission, as well as
reduced radiative rates. Upon increasing the pitch angle, the interaction changes to
J-aggregates, in which the lower-energy transition is allowed. This leads to a batho-
chomic shift in absorption and emission, as well as to increased radiative rates.[191]
In case of hybrid devices as described above, the type of excitonic coupling is of
great importance, as light emitting devices can have enhanced performance by the
formation of J-aggregates. Furthermore, it should be taken into consideration, that
dipolar coupling to an inorganic quantum well may be very inefficient, if all optical
transition dipoles are oriented in the same mismatching direction.
For the three keto intermediates, as well as for nearly all final products (except
iso-L4P-sp2) single crystals of sufficient quality to conduct X-ray crystal struc-
ture analysis were obtained by different techniques. In the case of iso-L4P-sp2
only the brominated derivative 13 could be crystallized. Even different molecular
arrangements for the same molecule (resp. different space groups) were obtained by
different crystallization techniques in some cases. First, the crystal structures of all
derivatives will be discussed in a more general way, afterwards potential effects of
the molecular arrangement of the final products concerning the solid-state optical
properties will be discussed. A useful characterization in terms of the above men-
tioned parameters may sometimes be difficult. Due to a large Z (resp. the large
unit cell) adjacent molecules are not generated by translational symmetry but by
cell symmetry. However, if the definition of the parameters is treated less strictly,
the next-neighbor interactions can be described, as well.
40Collection of diffraction data and crystal structure refinement were carried out by Dr. Beatrice
Braun (HU Berlin, Institut für Chemie).
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6.2.2.1 Carbonyl Intermediates
The π-system of the three keto structures (figure 6.5) is very planar in the crystal,
except for L4P-O, which displays a twist along the long axis of the π-system. L4P-
O was crystallized from chlorobenzene at elevated temperatures with a space group
of P -1 (Z = 2) in a layer structure. It forms stacks of molecules with the keto group
pointing in alternating directions (see figure 6.6). The π-systems are not exactly on
top of each other with respect to the short axis and the stacks have a pitch distance
of roughly 1/4 of the molecular length. The distance between the planes of molecules
generated by translational symmetry is 7.36 Å, so the π − π distance is about 3.7
Å. L4P-O2 was crystallized by sublimation in the space group Pna21 (Z = 4). The
molecules are forming stacks in which the keto groups of adjacent molecules are
pointing in opposite direction with a pitch distance of half a molecular length. The
distance between the π-planes of translationally generated molecules amounts 6.690
Å, giving a π − π distance of about 3.34 Å. Stacks of opposite pitch are forming a
herringbone structure with an angle of 42 ◦ between the planes (figure 6.7). iso-
L4P-O2 was crystallized from chlorobenzene. It forms a layer structure in the space
group of P -1 (Z = 2). The molecules are forming stacks with a pitch distance larger
than half a molecular length (Figure 6.8). Related to that, the keto groups within
a stack are pointing in the same direction. The distance between the π-planes is
relatively short, amounting to only 3.10 Å. While the the CO-bonds in L4P-O2 are
nearly parallel, in iso-L4P-O2 they are tilted by 36.7 ◦ with respect to each other.
Figure 6.5. a) Molecular structures (based on single crystal X-ray diffraction) I.
Asymmetric units (left) and view along the short axis of the π-system (right) of a)
L4P-O, b) L4P-O2, and c) iso-L4P-O2. The thermal ellipsoids are drawn at 50%
probability level.
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Figure 6.6. Arrangement of L4P-O in the crystal. Cell edges are marked in the
following Colors: a: red, b: green, c: blue. Thermal ellipsoides are drawn at the
50% probability level.
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Figure 6.7. Arrangement of L4P-O2 in the crystal. Cell edges are marked in the
following Colors: a: red, b: green, c: blue. Thermal ellipsoides are drawn at the
50% probability level.
Figure 6.8. Arrangement of iso-L4P-O2 in the crystal. Cell edges are marked in
the following Colors: a: red, b: green, c: blue. Thermal ellipsoides are drawn at the
50% probability level.
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6.2.2.2 Molecular Structures of the Spiro-LOPPs
The molecular geometry of the final products in the crystal (figures 6.9 and 6.10) can
sometimes deviate form the ideal structure concerning the planarity of the backbone
as well as the angle between the sprirobifluorene units (defined by the planes through
the 3,6, and 9-carbon of the fluorenyl group) in the 12- and 15-positions in L4P-
sp2 and L4P-sp3. While in L4P (figure 6.9a) the backbone is relatively planar,
L4P-sp (figure 6.9b) displays a wave-like deformation over the whole length of the
molecule. L4P-sp2 has a relatively planar backbone showing only small twist and
bending, no matter if crystallized from chloroform / ethanol solution (figure 6.9c)
or by sublimation (figure 6.9d). In the first case the angle between the spiro groups
amounts to 6.8 ◦ in the latter one it is 13.6 ◦. In crystals of L4P-sp3 grown by sub-
limation (figure 6.10a), the backbone shows relatively strong distortions, especially
the outer methylene carbons moved out of plane giving rise to a twist throughout
the entire backbone. The angle between the outer spiro groups amounts to 17.5 ◦.
When crystals of L4P-sp3 were grown from chloroform/ethanol, the backbone is
not twisted, only showing wave-like bending and the outer spiro groups are nearly
parallel (figure 6.10b). Finally 13 shows a distorted backbone (figure 6.10), as well.
Mainly the outer methylene carbons are twisted versus the central one. The an-
gle between the spiro groups amounts to 17.9 ◦, which is only half of the expected
value, compared to the angle between the carbonyl bonds in iso-L4P-O2. This
deformation might be explained by repulsion between the methyl groups and the
spiro groups (the distance between the fluorenyl plane and the methyl carbon is 3.26
Å).
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Figure 6.9. Molecular structures (based on single crystal X-ray diffraction) II.
Asymmetric units (left) and view along the short axis of the π-system (right, solvent
molecules omitted) of a) L4P·THF, b) L4P-sp·3 dioxane, c) L4P-sp2·3 (CHCl3),
d) L4P-sp2 (sublimation). Thermal ellipsoides are drawn at the 50% probability
level.
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Figure 6.10. Molecular structures (based on single crystal X-ray diffraction) III.
Molecular structures (left) and view along the short axis of the π-system (right,
solvent molecules omitted) of a) L4P-sp3 (sublimation), b) L4P-sp3 (CHCl3), c)
13·(CHCl3). Thermal ellipsoides are drawn at the 50% probability level.
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6.2.2.3 Arrangement of the Chromophores and Potential Excitonic
Interactions
The crystal structure of L4P·(THF) (already published in ref. [104]) displays a
space group of Pbca with Z = 8. There are two types of close interactions in
L4P·(THF). In the first one (Figure 6.11c) the offset between the molecules with
respect to their long axis (defined by the carbon atoms in position 2 and 10 in the
cyclopenta[2,1-b:3,4-b’ ]difluorene core) is small and they are tilted by 18.4 ◦. Ad-
ditionally the herringbone-like angle between the planes of the π-systems is about
80 ◦. In the second case (Figure 6.11d) the two molecules are nearly parallel with a
distance of 3.47 Å, but with a large pitch offset: The overlap is only of the length
of one indene unit with additional roll offset. The first interaction might give some
H-type coupling, but due to the relatively large distance excimer emission is not
expected to happen. The second interaction may lead to excitonic coupling in terms
of J-aggregates.
L4P-sp·(dioxane) crystallizes in P -1 (Z = 2). The backbones of the molecules form
a layer structure (Figure 6.12) with a distance of 8.5 Å between translationally gen-
erated layers, so the distance between adjacent layers can be estimated to be slightly
above 4 Å. The structure can also be interpreted as an intersection of stacks of the
two differently oriented molecules in the cell (Figure 6.12a) with a pitch distance of
one molecular length concerning translationally generated molecules. There is no
π-stacking and no herringbone-like interaction of the molecular backbone, however,
the J-aggregate type coupling should still be possible.
From chloroform / ethanol L4P-sp2·(CHCl3) crystallizes in P -1, as well. Again, all
molecular backbones are oriented parallel without π-stacking (see figure 6.13). Fur-
thermore L4P-sp3(CHCl3) was crystallized from chloroform/ethanol in the space
group of C 2/c. Also for this compound the arrangement of the chromophores is
quite similar: all the backbones are parallel to each other and there is no direct
π-stacking (figure 6.14).
Luckily for the two derivatives L4P-sp2 and L4P-sp3 single crystals were also ob-
tained by sublimation (with only little temperature gradient), which is of greater
relevance in terms of application in hybrid devices fabricated by vacuum deposi-
tion. In this case L4P-sp2 crystallizes in P 21 /c (Z = 4). In the structure,
herringbone-like interactions can be found similar to L4P (figure 6.15 a and c). The
angle between the backbone planes of adjacent molecules is 88.5 ◦ and the long axis
is tilted by 19.1 ◦ with respect to each other. Alternatively the structure can be
interpreted in terms of stacks (Figure 6.15 b), but the pitch distance is larger than a
molecular length, so there is no actual π-stacking. Upon sublimation L4P-sp3 also
crystallized in P 21 /c (Z = 4). The packing may be understood as a layer structure
(figure 6.16 a). In each layer the backbones are rotated out of plane around the long
axis of the molecule by 27 ◦. After every second layer, there is a twist of about 67 ◦
between the layers (figure 6.16 b). This structure is quite advantageous in terms
of the above mentioned application in an hybrid device, because it can be expected
that there is some transition dipole moment in every direction. Furthermore there
is no π-stacking or herringbone structure. Thus the optical properties in the crys-
talline state should not change dramatically, especially since only J-aggregates can
be formed.
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Figure 6.11. Backbone of L4P in the crystal. Substituents and solvent molecules
are omitted for clarity. a), b) Arrangement in the crystal, c), d) interactions de-
scribed in the text. Cell edges are marked in the following Colors: a: red, b: green,
c: blue. Thermal ellipsoides are drawn at the 50% probability level.
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Figure 6.12. Backbone of L4P-sp in the crystal. Substituents and solvent
molecules are omitted for clarity. a) View along stacks, b) view along the long
axis of the molecules, c) view along the short axis of the molecules. Cell edges are
marked in the following Colors: a: red, b: green, c: blue. Thermal ellipsoides are
drawn at the 50% probability level.
119
6 Spiro-Bridged Ladder-Type oligo(para-Phenylene)s
Figure 6.13. Arrangement of the backbone of L4P-sp2(CHCl3) in the crystal.
Substituents and solvent molecules are omitted for clarity. Cell edges are marked in
the following Colors: a: red, b: green, c: blue. Thermal ellipsoides are drawn at the
50% probability level.
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Figure 6.14. Arrangement of the backbone of L4P-sp3(CHCl3) in the crystal.
Substituents and solvent molecules are omitted for clarity. a) View along stacks, b)
view along short axis of the molecule, c) view along long axis. Cell edges are marked
in the following Colors: a: red, b: green, c: blue. Thermal ellipsoides are drawn at




Figure 6.15. Arrangement of the backbone of L4P-sp2 (from sublimation) in
the crystal. Substituents are omitted for clarity. a) View along long axis of the
molecules, b) view along stacks, c) herringbone-like interaction. Cell edges are
marked in the following Colors: a: red, b: green, c: blue. Thermal ellipsoides are
drawn at the 50% probability level. 121
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a)
b)
Figure 6.16. Arrangement of the backbone of L4P-sp3 (from sublimation) in the
crystal. Substituents are omitted for clarity. a) View parallel to layers, b) view
perpendicular to layers. Cell edges are marked in the following Colors: a: red, b:
green, c: blue. Thermal ellipsoides are drawn at the 50% probability level.
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6.2.3 Optical Properties in Solution
Besides the final products also the keto intermediates display some interesting opti-
cal properties (see figure 6.17). The optical properties of the linear ketones L4P-O
and L4P-O2 have already been described.[117] Here, they are shown in comparison
to underline the special behavior of iso-L4P-O2. The linear ones show a vibron-
ically structured L4P-like absorption starting around 3.4 eV (π → π∗) and a very
weak low energy band between 2.5 and 3.3 eV (n → π∗), as well as a low energy
emission with less than 1% quantum yield. In contrast iso-L4P-O2 does not posses
a L4P-like absorption feature at all. The π → π∗ absorption is hypsochromically
shifted by about 0.2 eV compared to the linear ketones. The only feature that is
similar is the absorption band above 4 eV, which might be addressed to some rather
localized excitation of the carbonyl moieties. But especially the low energy transi-
tion shows unusual behavior. On the one hand, the absorption becomes relatively
strong (ε ≈ 6000 L mol-1 cm-1 between 2.6 an 2.7 eV), on the other hand the emis-
sion centered at 2.2 eV has a PL quantum yield of ≈ 22%. Both findings indicate
that the normally symmetry forbidden n → π∗-transition becomes partly allowed
due to distortion of the orbital symmetry by the introduction of the 36.7 ◦ tilt angle
between the carbonyl groups. As shown by the crystal structure analysis, the back-
bone of the molecule is still planar.
The optical properties of the spiro derivatives have also been investigated. Upon
adding more spirobifluorene moieties in the bridges of L4P, the optical proper-
ties do not change dramatically. The spectra of L4P, L4P-sp, L4P-sp2, and
Figure 6.17. Absorption (solid line) and normalized photoluminescence (PL, dot-
ted) spectra of L4P-O (black, λEx = 330 nm), L4P-O2 (red, λEx = 330 nm),
and iso-L4P-O2 (blue, λEx =337 nm) in CH2Cl2, 10-6 - 10-5 mol L-1. PL spectra
of L4P-O and L4P-O2 are only shown below 2.6 eV to remove signals of highly
emissive impurities. A cutoff filter (transmission below 430 nm) was used to remove
the 2nd harmonic of the excitation source for all three samples.
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a)
b)
Figure 6.18. Absorption (solid line) and normalized PL (dotted) spectra of final
products in CH2Cl2, 10-6 - 10-5 mol L-1. a) L4P (black, λEx = 352 nm), L4P-sp
(blue, λEx = 352 nm), L4P-sp2 (green, λEx = 352 nm), and L4P-sp3 (red, λEx =
360 nm). b) iso-L4P-sp2 (blue, λEx = 320 nm), L4P (black, λEx = 352 nm), and
L4P-sp3 (red, λEx = 360 nm).
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Table 6.1. Absorption and PL data of the spiro-LOPPs
compound λmax / nm ϵmax / 103 L mol-1 cm-1 λEm / nm λEx / nm
(λ / nm)
L4P 369, 351 104 (369) 373, 394 352
L4P-sp 370, 352 91 (370) 375, 397 352
L4P-sp2 372, 353 104 (372) 375, 398 352
L4P-sp3 374, 355 98 (374) 377, 400 360
iso-L4P-sp2 365, 346 73 (365) 370, 391 320
λmax: Absorption maxima; ϵmax (λ): Absorption coefficient and corresponding
wavelength. λEm: Emission maxima; λEx: Corresponding excitation wavelength.
L4P-sp3 (figure 6.18a) exhibit nearly the same shape with two main maxima due
to vibronic progression in the absorption and emission (see also table 6.1). The
Stokes-shift is small (around 40 meV) and the fluorescence quantum yield ΦPL of
all only-hydrocarbon derivatives is close to unity. However, with every additional
spiro unit, absorption and emission are shifted bathochromically by about 2 nm.
Since this bathochromic shift leads to reduced coupling to ZnO, iso-L4P-sp2 was
synthesized expecting transitions at slightly higher energies. And indeed, the ab-
sorption maximum of iso-L4P-sp2 is blue shifted by 4 nm with respect to L4P
(figure 6.18b, table 6.1). The Stokes-shift is still small and the fluorescence quantum
yield is also about unity. The absorption coefficient of the first maximum decreases
to 73000 L mol-1 cm-1 and the second (vibronic) maximum has higher weight. Op-
tical characterization of some derivatives in the solid state have been carried out in
the context of application in hybrid structures and are described in refs. in refs.
[193–195].
6.2.4 Thin Film Growth41
L4P, L4P-sp2, and L4P-sp3 have been grown on ZnO and Al2O3 surfaces by
OMBD under UHV conditions. L4P growths in a Volmer-Weber mode and forms
islands of up to 250 nm height at a nominal layer thickness of 6 nm, independent
of the substrate temperature, which was kept between 90 and 300 K. L4P-sp2 and
L4P-sp3 display two dimensional Frank-van der Merwe growth at 300 K substrate
temperature and form smooth films at a nominal thickness of 3 nm. X-ray reflec-
tometry (XRR) scans of a 20 nm film of L4P-sp3 show, that the thicker film is also
very smooth and the absence of Bragg-reflections indicate, that it is amorphous.
Under vacuum or N2, thin films (≈ 3 nm) of L4P-sp2 and L4P-sp3 are stable.
However, when exposed to air, films of L4P-sp2 start to break up and form holes
within hours. This process is significantly slower for L4P-sp3, which makes it very
suitable for thin film applications.
41This section summarizes work, which was carried out by Moritz Eyer and Dr. Sylke Blum-
stengel in the group of Prof. Fritz Henneberger and by Anton Zykov in the group of Prof. Stefan
Kowarik (Humboldt-Universität zu Berlin, Institut für Physik)
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6.3 Conclusion
In summary, synthetic routes have been developed, that allow to subsequently re-
place every symmetry-equivalent alkyl group in L4P by a spirobifluorene group.
With increasing number of spiro groups, the optical gap for absorption and emission
slightly decreases, which is disadvantageous with respect to resonant energy transfer
with ZnO. Thus, a synthetic route to a para-linked ladder-type quarterphenyl car-
rying all bridging units on one side of the ribbon (iso-L4P) was developed, which
results in a bending of the para-phenylene. And indeed, the optical gap increased
compared to the ’linear’ molecule, however the absorption coefficient is not as high.
Nearly all derivatives have been analyzed by single crystal X-ray structure analysis.
In the cases of L4P-sp2 and L4P-sp3 it could even be shown, that sublimation and
crystallization from solution result in different crystal structures, of which the ones





Analytical LC was performed on a Waters Acquity UPLC equipped with a Waters
LCT Premier XE Mass detector for high-resolution MS (HR-MS, ESI+-ionization)
and with Waters Alliance systems (consisting of a Waters Separations Module 2695,
a Waters Diode Array Detector 996 and a Waters LCT Premier XE Mass Detector).
6.4.1.2 UV-Vis Spectroscopy
Absorption spectra were recorded on a Varian Cary 50 Bio UV-Visible spectrometer
and fluorescence spectra on a Varian Cary Eclipse Fluorescence spectrometer using
10.0 x 10.0 mm quartz cuvettes.
Fluorescence Quantum Yield The fluorescence quantum yield was determined
according to










In the equation Φ depicts the fluorescence quantum yield,
∫
I(λ)dλ the Area un-
der the fluorescence spectrum, E(λEx) the extinction (absorbance) at the excitation
wavelength (which was kept the same for sample and reference), and n the refractive
index of the solvents used. Index R denotes properties of reference, and S of the
unknown sample. 9,10-Diphenylanthracene in cyclohexane, assuming Φ = 0.942, was
42Ref. [126] p. 160.
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used as reference.[126, 127]
6.4.2 Organic Synthesis
1H-NMR and 13C-NMR spectra were referenced to 7.26 ppm and 77.16 ppm, respec-
tively, for CDCl3 and 5.32 ppm and 53.8 ppm, respectively, for CD2Cl2.43
Dimethyl (2-(methoxymethyl)phenyl)boronate (2)
Under an argon atmosphere sodium (2.76 g, 120 mmol) was added to stirred methanol
(150 mL) in a round bottom flask equipped with a reflux condenser. After all sodium
was consumed, 14 (24.9 g, 100 mmol) was added to the mixture and stirring was
continued for 2 h at room temperature. Water was added and the mixture was
extracted with CH2Cl2. The organic phase was dried (MgSO4) and the solvent was
removed. Crude 9 was dissolved in THF (150 mL) under an Argon atmosphere and
cooled to -78 ◦C, followed by the drop-wise addition of nBuLi (110 mmol, 44 mL,
2.5 M in hexanes). After stirring for 1 h at -78 ◦C, B(OCH3)3 (13.6 mL, 120 mmol, ϱ
= 0.92 g cm-3) was added. The reaction was allowed to warm to room temperature
and it was stirred over night. The reaction was quenched with HCl (600 mL, 1 M)
and extracted with diethyl ether. The organic phase was dried (MgSO4) and the
solvent was removed. 14.3 g (74 mmol, 74% yield)44 of crude 2 were obtained.
43In some cases 13-C-NMR spectra have not been recorded due to low solubility of the products.
44It was assumed, that the molecular mass of the product was the one of 2, independent of the
actual composition.
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2,7-Bis(2-(methoxymethyl)phenyl)-9,9’-spirobi[fluorene] (15)
Under an argon atmosphere a mixture of 1 (3.5 mmol, 1.66 g), 2 (10.5 mmol, 2.06 g),
Cs2CO3 (5.7 g, 17.5 mmol) and Pd(dppf)Cl2 ·CH2Cl2 (0.175 mmol, 0.14 g) in THF /
ethanol / DMF (20/20/5 mL) was stirred for 2 h at 70 ◦C. It was poured into water
(600 mL). The mixture was acidified (HCl) and the precipitate was filtered off.45
The crude product was dissolved in ethyl acetate, the solution was dried (MgSO4)
and the solvent was removed. After purification by column chromatography (cyclo-
hexane/ethyl acetate) 15 (1.67 g, 3.0 mmol) was obtained in 86% yield.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.93 (d, J = 7.8 Hz, 2H), 7.79 (d, J = 7.6
Hz, 2H), 7.43 (dd, J = 7.8, 1.6 Hz, 2H), 7.41 - 7.36 (m, 2H), 7.31 (td, J = 7.5, 1.1
Hz, 2H), 7.28 - 7.24 (m, 6H), 7.11 (td, J = 7.5, 1.0 Hz, 2H), 6.89 (d, J = 1.5 Hz,
2H), 6.86 (d, J = 7.6 Hz, 2H), 4.06 (s, 4H), 2.90 (s, 6H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 149.2, 148.8, 142.1, 140.6, 140.5, 135.2, 130.1,
129.1, 128.0, 127.9, 127.5, 125.3, 124.2, 120.1, 119.8, 72.7, 66.1, 57.7.
Dimethyl 2,2’-(9,9’-spirobi[fluorene]-2,7-diyl)dibenzoate (3)
A mixture of 15 (2.56 g, 4.6 mmol), TEBAC (6.3 g, 27.6 mmol), and KMnO4 (4.36
g, 27.6 mmol) in CH2Cl2 (70 mL) was refluxed for 24 h. After cooling to room
temperature the reaction was quenched with aqueous thiosulfate solution. It was
extracted with CH2Cl2, the organic phase was dried (MgSO4), and the solvent was
45If the product does not precipitate (e.g. if butylboronic esters were used), extraction with
ethyl acetate or CH2Cl2 is necessary.
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removed. The crude product was purified by column chromatography (CH2Cl2) to
give 3 (2.41 g, 4.12 mmol) in 90% yield as colorless solid.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.91 (dd, J = 7.9, 0.4 Hz, 2H), 7.80 (d, J
= 7.6 Hz, 2H), 7.65 (dd, J = 8.0, 1.3 Hz, 2H), 7.46 - 7.37 (m, 4H), 7.36 - 7.27 (m,
6H), 7.10 (td, J = 7.5, 1.1 Hz, 2H), 6.83 (d, J = 7.6 Hz, 2H), 6.63 (d, J = 1.1 Hz,
2H), 3.30 (s, 6H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 169.4, 149.1, 148.7, 141.9, 141.9, 141.0, 140.8,
131.2, 131.1, 130.7, 129.7, 128.2, 127.9, 127.9, 127.2, 124.4, 124.3, 120.3, 120.1, 52.0.
2,2’-(9,9-Spirobi[fluorene]-2,7-diylbis(2,1-phenylene))bis(propan-2-ol) (16)
Under an argon atmosphere CH3Li (8.0 mL, 24 mmol, 3 M in dimethoxymethane)
was added to a stirred solution of 3 (1.17 g, 2.0 mmol) in dry THF (35 mL). After
stirring the solution for 30 min at room temperature, water was added and the mix-
ture was extracted with diethyl ether. The organic phase was dried (MgSO4) and
the solvent was removed. The crude product was purified by column chromatog-
raphy (cyclohexane/ethyl acetate) to give 16 (0.96 g, 1.64 mmol, 82% yield) as a
colorless solid.
1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 7.92 (dd, J = 7.8, 0.5 Hz, 2H), 7.80 - 7.76
(m, 2H), 7.57 (dd, J = 8.0, 1.1 Hz, 2H), 7.37 - 7.30 (m, 4H), 7.28 - 7.10 (m, 6H),
7.01 - 6.96 (m, 2H), 6.82 (d, J = 7.5 Hz, 2H), 6.63 (dd, J = 1.5, 0.5 Hz, 2H), 1.20
(s, 12H).
13C-NMR (75 MHz, CD2Cl2) δ [ppm] = 148.8, 147.0, 143.8, 142.1, 140.6, 140.1,
131.9, 129.5, 128.2, 128.1, 127.6, 126.2, 126.2, 125.7, 124.0, 120.4, 119.8, 73.9, 32.6.
Isomeric mixture of L4P-sp (4)
BF3 ·THF (2.1 mL, 9.6 mmol, ϱ = 1.26 g/cm3, 50% in THF) was added to a stirred
solution of 16 (0,934 g, 1.6 mmol) in CH2Cl2 (100 mL). After stirring for 5 min, aque-
ous NaHCO3 and ethanol were added. The mixture was extracted with CH2Cl2, the
organic phase was dried (MgSO4) and the solvent was removed. The crude product
was purified by column chromatography (petroleum ether/CH2Cl2) and subsequent
crystallization from toluene/hexane/ethanol to give 0.55 g (1.0 mmol, 63% yield) of
isomeric mixture 4 containing 55% L4P-sp (by integration of the absorption trace
of a UPLC chromatograpy run). L4P-sp was enriched to ≈ 95% by repeated crys-
tallization from CCl4/ethanol. For analytical data see below.
12,12,15,15-Tetramethyl-12,15-dihydrospiro[cyclopenta[2,1-b:3,4-b’ ]
difluorene-6,9’-fluorene] L4P-sp
Under an argon atmosphere nBuLi (2.7 mL, 6.0 mmol, 2.2 M in cyclohexane) was
added to a solution of 5 (1.4 g, 6.0 mmol) in THF (15 mL) at -78 ◦C. After stirring
the mixture for 1 h at that temperature, it was added to a solution of L4P-O (0.42
g , 1.0 mmol) in THF (20 mL) and stirring was continued for 30 min at room tem-
perature. The reaction was quenched with water and extracted with ethyl acetate.
The organic phase was dried (MgSO4) and the solvent was removed. The crude
product was dissolved in AcOH (10 mL) at 100 ◦C. Upon adding HCl (1 mL, conc.)
stirring at 100 ◦C was continued for 1 h. After cooling to room temperature, the
precipitate was filtered off and dissolved in CH2Cl2. The solution was washed with
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aqueous NaHCO3, dried (MgSO4) and the solvent was removed. The crude product
was purified by column chromatography (petroleum ether/ethyl acetate) and crys-
tallization from acetonitrile to give L4P-sp (0.42 g, 0.77 mmol) in 77% yield.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.98 - 7.91 (m, 4H), 7.46 - 7.37 (m, 6H),
7.27 - 7.18 (m, 4H), 7.15 (td, J = 7.5, 1.1 Hz, 2H), 7.06 (d, J = 0.6 Hz, 2H), 6.88
(d, J = 7.6 Hz, 2H), 1.62 (s, 12H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 154.0, 153.9, 149.6, 148.6, 141.9, 141.6, 139.3,




Under an argon atmosphere nBuLi (2.8 mL, 5.8 mmol, 2.2 M in cylcohexane) was
added to a solution of 5 (1.4 g, 5.8 mmol) in dry THF (10 mL) at -78 ◦C. Af-
ter stirring for 1 h, the solution was added to a suspension of L4P-O2 (0.23 g,
0.58 mmol) in dry THF (10 mL) at -78 ◦C. The resulting mixture was stirred for 2
h at -78 ◦C and over night at room temperature. Water was added, the mixture was
extracted with ethyl acetate, the organic phase was dried (MgSO4) and the solvent
was removed. The crude dialcohol was dissolved in 80 mL of AcOH at 100 ◦C and
subsequently HCl (5 ml, conc.) was added. The reaction mixture was stirred for
2 h at 100 ◦C. After cooling to room temperature, water was added and the mixture
was extracted with CH2Cl2. The organic phase was washed with aqueous NaHCO3,
dried (MgSO4) and the solvent was removed. The crude product was purified by
column chromatography (petroleum ether/ethyl acetate) and subsequent precipita-
tion from petroleum ether to give L4P-sp2 (0.34 g, 0.51 mmol) in 87% yield.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.88 - 7.76 (m, 8H), 7.35 (td, J = 7.5, 1.0
Hz, 2H), 7.31 (td, J = 7.5, 1.1 Hz, 4H), 7.10 – 7.00 (m, 6H), 6.73 – 6.64 (m, 8H),
1.66 (s, 6H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 154.2, 149.3, 149.1, 148.0, 142.1, 141.8, 141.2,




Dibromobenzene 17 (2.4 mL, 20.0 mmol, ϱ = 1.956 g/cm3) was dissolved in dry
THF/diethyl ether (30/30 mL) and cooled to -120 ◦C (using pentane and liquid
N2). A solution of nBuLi (9.0 mL, 19.8 mmol, 2.2 M in cyclohexane) and petroleum
ether (15 mL) was added dropwise. The solution was stirred for 1 h at -120 ◦C. A
solution of fluorenone 18 (3.2 g, 18 mmol) in dry THF/diethyl ether (10/20 mL)
was added over a period of 30 min. The mixture was stirred for further 3 h at
-120 ◦C. After allowing the reaction to warm to room temperature, it was quenched
with aqueous NH4Cl and extracted with diethyl ether. The organic phase was dried
(MgSO4) and the solvent was removed. A seed crystal47, as well pentane were added
and the product was crystallized over night. After filtration, 19 (4.64 g, 13.8 mmol,
69% yield) was obtained as colorless crystals.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 8.45 (s, 1H), 7.74 - 7.63 (m, 2H), 7.53 - 7.34
(m, 4H), 7.25 - 7.08 (m, 5H), 2.50 (s, 1H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 176.8, 134.5, 129.4, 129.3, 128.5, 127.2, 124.1,
121.1, 120.4.
9-(2-Bromophenyl)-9-((methoxymethoxy)methyl)-9H -fluorene (6)48
Under an argon atmosphere NaH (0.74 g, 18.5 mmol, 60% dispersion in mineral
oil) was dispersed in petroleum ether (10 mL) and cooled to 0 ◦C. 10 mL of dry
THF, and subsequently a solution of 19 (2.1 g, 6.2 mmol) in dry THF (30 mL) was
46The synthesis of 19 was already described in ref [189]. Here, the procedure was slightly varied,
especially concerning the purification.
47Column chromatography (cyclohexane/ethyl acetate) and subsequent crystallization from
ethanol/hexane also yields analytically pure product.
48The synthesis of 6 was already described in ref. [189], however employing the stoichiometry
of NaH and MOM-Cl, which was proposed there (more MOM-Cl than NaH) did never lead to the
formation of significant amounts of product in our experiments after aqueous workup. Accordingly,
excess NaH was used.
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added slowly. After stirring the mixture for 2,5 h at 0 ◦C, chlormethylmethyl ether
(MOM-Cl, 1.13 mL, 14.8 mmol, ϱ = 1.06 g/cm3) was added and stirring was con-
tinued for another 2 h. The reaction was first quenched with NaHCO3, afterwards
water was added. The mixture was extracted with ethyl acetate. The organic phase
was dried (MgSO4) and the solvent was removed. The crude product was purified by
column chromatography49 (cyclohexane/ethyl acetate) to give 6 (2.0 g, 5.2 mmol,
85% yield) as colorless solid.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 8.49 (s, 1H), 7.72 - 7.64 (m, 2H), 7.52 - 7.35
(m, 4H), 7.26 - 7.11 (m, 5H), 4.30 (s, 2H), 3.17 (s, 3H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 145.3, 141.0, 134.7, 129.4, 129.0, 128.9, 128.0,
127.0, 125.1, 120.8, 120.3, 119.9, 91.5, 55.9.
L4P-sp3 (small scale)
Under an argon atmosphere a solution of 1 (1.19 g, 2.5 mmol) in dry THF (50 mL,
the solution was degassed by subsequently applying vacuum and argon 4 times) was
cooled to -78 ◦C and nBuLi (2.6 mL, 5.7 mmol, 2.2 M in cyclohexane) was added.
After stirring the mixture for 1 h, B(OnBu)3 (1.67 mL, 6.25 mmol, ϱ = 0.86 g/cm3)
was added and the solution was allowed to warm to room temperature. Meanwhile
Pd(PPh3)4 (0.58 g, 0.50 mmol) was added to a solution of 6 (2.1 g, 5.5 mmol) in
THF (15 mL, the solution was degassed by subsequently applying vacuum and ar-
gon 4 times) and stirred for 10 min under Argon at room temperature. Aqueous
Na2CO3 (10 mL, 2.0 M) and the solution of the boronate were added. The temper-
ature was raised to 65 ◦C. The reaction was stirred for 24 h at that temperature. It
was quenched with water and extracted with ethyl acetate. The organic phase was
dried (MgSO4) and all volatiles were removed. The crude product was dissolved in
AcOH (50 mL) at 100 ◦C and HCl (5 mL, conc.) was added. After stirring the
mixture for 1 h at 100 ◦C, the precipitate was filtered off, dried and purified via
column chromatography (petroleum ether/ethyl acetate) to give L4P-sp3 (0.29 g,
0.37 mmol, 15% yield) as a colorless solid.
1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 8.07 - 8.01 (m, 2H), 7.88 - 7.83 (m, 4H),
7.57 - 7.53 (m, 2H), 7.52 (td, J = 7.5, 1.1 Hz, 2H), 7.37 (td, J = 7.5, 1.1 Hz, 4H),
7.24 (tt, J = 7.6, 1.2 Hz, 4H), 7.16 (d, J = 0.7 Hz, 2H), 7.10 (td, J = 7.5, 1.1 Hz,
4H), 7.04 (td, J = 7.5, 1.1 Hz, 2H), 6.92 - 6.87 (m, 2H), 6.83 (d, J = 0.7 Hz, 2H),
6.71 - 6.66 (m, 4H), 6.64 - 6.60 (m, 2H).
13C-NMR (75 MHz, CD2Cl2) δ [ppm] = 149.5, 149.4, 149.3, 149.2, 149.0, 142.3,
142.1, 142.0, 142.0, 141.9, 128.3, 128.3, 128.1, 128.0, 127.9, 124.6, 124.2, 123.9,
120.6, 120.4, 120.3, 115.8, 115.6, 110.4, 66.0, 65.9.
L4P-sp3 (gram scale, high purity)
Under an argon atmosphere nBuLi (7.35 mL, 16.2 mmol, 2.2 M in cyclohexane) was
added to a solution of 1 (3.34 g, 7.0 mmol) in THF (50 mL) at -78◦C. After the
mixture was stirred for 1.5 h at that temperature, B(OnBu)3 (4.75 mL, 17.6 mmol, ϱ
= 0.86 g/cm3) was added and stirring at -78 ◦C was continued for 10 min and for 1 h
at room temperature. Under argon Pd(PPh3)4 (0.24 g, 0.21 mmol) was added to a
solution of 6 (5.9 g, 15.5 mmol) in THF (30 mL) in the meantime. Aqueous Na2CO3
496 can also be purified by crystallization from hexane or hexane/ethanol.
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(20 mL, 2.0 M) and subsequently the solution of the boronate were added. The mix-
ture was refluxed over night. After cooling to room temperature the organic phase
was separated and all volatiles were removed. The crude product was dissolved in
AcOH (20 mL) at 100 ◦C and HCl (2 mL, conc.) was added. The mixture was
stirred for 30 min at 100 ◦C. After cooling to room temperature, the precipitate
was filtered off and washed with ethanol. The crude product was roughly purified
by column chromatography (CH2Cl2), followed by crystallization (CHCl3/ethanol),
sublimation, crystallization (5x, CHCl3/ethanol) and some further alternating steps
of gradient sublimation and crystallization, to give L4P-sp3 (1.1 g, 1.4 mmol, 20%
yield) as colorless crystals.
NMR: see above.
2,7-Diiodo-3,6-dibromo-9,9-dimethylfluorene (8)50
A mixture of 3,6-dibromo-9,9-dimethylfluorene 7 (3.0 g, 8.5 mmol), iodine (4.3 g,
17.0 mmol), and periodic acid (1.0 g, 4.4 mmol) in AcOH/H2O/H2SO4 (110/11/3 mL)
was stirred over night at 80 ◦C. After cooling to room temperature, the mixture was
poured on ice and extracted with CH2Cl2. Water was added to the organic phase
and afterwards NaHCO3 until the formation of CO2 stopped. The organic phase
was washed with aqueous NaHCO3 and subsequently with aqueous Na2S2O3. The
organic phase was dried (MgSO4) and the solvent was removed. The residue was
washed with diethyl ether. 2,7-diiodo-3,6-dibromo-9,9-dimethylfluorene 8 (4.0 g,
6.6 mmol) was obtained in 78% yield.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 7.91 (s, 2H), 7.88 (s, 2H), 1.43 (s, 6H).
3,6-dibromo-2,7-bis(2-(methoxymethyl)phenyl)-9,9-dimethyl-9H -fluorene
(10)
Under an argon atmosphere, nBuLi (4.7 mL, 10.2 mmol, 2.2 M in cyclohexane)
was added to a solution of 9 (1.87 g, 9.3 mmol) in THF (25 mL) at -78 ◦C. The
mixture was stirred at that temperature for 1 h. Subsequently B(OnBu)3 (2.77 mL,
10.2 mmol, ϱ = 0.86 g/cm3) was added and stirring was continued for 10 min at
−78 ◦C and for 1 h at room temperature. Meanwhile a solution of 8 (2.25 g,
3.7 mmol) and Pd(PPh3)4 (0.65 g, 0.56 mmol) in THF (20 mL) was prepared un-
der an argon atmosphere. After stirring this solution for 10 min, aqueous Na2CO3
(20 mL, 2 M), as well as the solution of the boronate were added. The reaction was
refluxed over night. It was cooled to room temperature and the organic phase was
separated. All volatiles were removed and the crude product was purified by column
chromatography (petroleum ether/ethyl acetate) to give 10 (1.52 g, 2.56 mmol) in
69% yield.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 8.01 (s, 2H), 7.58 (dd, J = 7.4, 1.1 Hz, 2H),
7.49 - 7.36 (m, 6H), 7.30 - 7.24 (m, 2H), 4.37 - 4.12 (m, 4H), 3.26 (s, 6H), 1.48 -
1.52 (m, 6H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 152.9, 141.0, 140.6, 139.0, 136.2, 130.0, 130.0,
128.5, 128.5, 128.3, 127.5, 125.8, 124.3, 122.3, 72.5, 58.5, 47.0, 27.0.
50The procedure was adapted from ref. [192].
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Dimethyl 2,2’-(3,6-dibromo-9,9-dimethyl-9H -fluorene-2,7-diyl)di-benzoate
(11)
A mixture of 10 (9.95 g, 16.8 mmol), TEBAC (23.0 g, 100.8 mmol) and KMnO4
(15.9 g, 100.8 mmol) in CH2Cl2 (200 mL) was refluxed for 1 day. After cooling to
room temperature, the reaction was quenched with aqueous Na2S2O3 and diluted
with CH2Cl2. Upon adding HCl to dissolve the MnO2, the organic phase was im-
mediately separated and dried (MgSO4). The solvent was removed to give 11 in
quantitative yield. The product was used without further purification.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 8.04 (d, J = 7.8 Hz, 2H), 7.95 (s, 2H), 7.61
(td, J = 7.5, 1.5 Hz, 2H), 7.50 (td, J = 7.6, 1.3 Hz, 2H), 7.35 (d, J = 7.6 Hz, 2H),
7.28 (s, 2H), 3.64 (s, 3H), 3.63 (s, 3H), 1.49 (s, 6H).
13C-NMR (75 MHz, CDCl3) δ [ppm] = 167.7, 152.9, 142.5, 141.8, 138.8, 131.9, 131.4,




A mixture of 11 (3.14 g, 5.07 mmol) and aqueous NaOH (8.0 g in 20 mL H2O) in
ethanol (200 mL) was stirred over night at 80 ◦C. After cooling to room tempera-
ture, the solution was concentrated and HCl (half conc.) was added. The mixture
was extracted with CH2Cl2. The organic phase dried (MgSO4) and all volatiles were
removed. Afterwards the crude product was refluxed in SOCl2 (90 mL). After 3 h
the initially observed formation of gas had finished and methanesulfonic acid was
added (18 mL). The mixture was refluxed for another 2 h and the formation of an
orange precipitate started. After stirring over night at room temperature, the pre-
cipitate was filtered off and all volatiles were removed to yield 12 (2.23 g, 4.0 mmol,
79% yield) as an orange solid.
1H-NMR (300 MHz, CDCl3) δ [ppm] = 8.48 (dt, J = 7.7, 0.8 Hz, 2H), 7.93 (s, 2H),




Under an argon atmosphere nBuLi (6.4 mL, 14.2 mmol, 2.2 M in cyclohexane) was
added to a solution of 2-bromobiphenyl 5 (3.3 g, 14.2 mmol) in THF (20 mL) at
-78 ◦C. The solution was stirred for 45 min at that temperature. It was added to a
suspension of 12 (1.31 g, 2.36 mmol) in THF (20 mL). After stirring the mixture for
15 min at room temperature, it was quenched with water and extracted with ethyl
acetate. The organic phase was dried (MgSO4) and the solvent was removed. The
crude product was dissolved in AcOH (250 mL) at 100 ◦C. HCl (20 mL) was added
and the mixture was refluxed over night. Water (50 mL) was added and the precip-
itate was filtered from the hot solution. Afterwards it was dissolved in CH2Cl2. The
organic phase was washed with aqueous NaHCO3, dried (MgSO4) and the solvent
was removed. The crude product was purified by column chromatography (cyclo-
hexane/ethyl acetate) and subsequent crystallization from ethanol/chloroform and
toluene to give 13 (0.11 g, 0.13 mmol) in 6% yield
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1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 8.73 (d, J = 7.9 Hz, 2H), 8.07 (s, 2H), 7.77
(d, J = 7.6 Hz, 4H), 7.27 (qd, J = 7.8, 1.1 Hz, 6H), 6.97 (tt, J = 7.6, 1.2 Hz, 6H),
6.62 (d, J = 7.7 Hz, 4H), 6.17 (d, J = 7.6 Hz, 2H), -0.31 (s, 6H).
14,14-Dimethyl-13H -cyclopenta[1,2-a:4,3-a’ ]difluorene-13,15(14H )-dione
iso-L4P-O2
Under an argon atmosphere NaBH4 (2.15 g, 60 mmol) was added to a suspension
of 12 (5.56 g, 10 mmol) in THF (300 mL). Upon refluxing the reaction for 4 h, the
orange color disappeared and the mixture was cooled to room temperature. A major
amount of solvent was removed and water was added carefully. After stirring for
some more time, the mixture was extracted with ethyl acetate. The organic phase
was dried (MgSO4) and the solvent was removed. Under an Argon atmosphere the
crude dialcohol was dissolved in THF (250 mL) and cooled to -78 ◦C. nBuLi (27 mL,
60 mmol, 2.2 M in cyclohexane) was added and after stirring for 1 h at -78 ◦C, the
reaction was quenched with ethanol and was allowed to warm to room temperature.
Water and brine were added and the mixture was extracted with ethyl acetate (in
sum more than 3 L!). The organic phase was dried (MgSO4) and the solvent was
removed. Subsequently the crude product was suspended in CH2Cl2 (500 mL) and
TEBAC (13.7 g, 60 mmol), as well as KMnO4 (9.5 g, 60 mmol) were added care-
fully. The mixture was refluxed for 30 min. After cooling to room temperature the
reaction was quenched carefully with aqueous Na2S2O3, and diluted with water and
CH2Cl2. Upon adding some HCl, the organic phase was separated. Some ethanol
was added and the major amount of solvent was removed. The precipitate was fil-
tered off and dried under vacuum to yield iso-L4P-O2 (2.9 g, 7.3 mmol, 73% yield)
as an orange solid.
1H-NMR (500 MHz, CD2Cl2) δ [ppm] = 7.86 (d, J = 7.7 Hz, 2H), 7.68 - 7.65 (m,
2H), 7.61 (d, J = 7.7 Hz, 2H), 7.61 - 7.59 (m, 2H), 7.53 (td, J = 7.4, 1.2 Hz, 2H),
7.33 (td, J = 7.4, 1.0 Hz, 2H), 1.89 (s, 6H).
13C-NMR (126 MHz, CD2Cl2) δ ppm] = 193.9, 154.9, 145.1, 144.9, 140.8, 135.0,
134.4, 129.7, 129.3, 125.5, 124.3, 120.4, 119.9, 49.7, 21.5.
14’,14’-Dimethyl-14’H -dispiro[fluorene-9,13’-cyclopenta[1,2-a:4,3-a’ ]
difluorene-15’,9”-fluorene] iso-L4P-sp2
Under an argon atmosphere nBuLi (5.5 mL, 12.0 mmol, 2.2 M in cyclohexane) was
added to a solution of 5 (2.80 g, 12 mmol) in THF (50 mL) at -78 ◦C. After stirring
for 1.5 h at -78 ◦C, this solution was added to a solution of iso-L4P-O2 (0.80 g,
2.0 mmol) in THF (200 mL) and stirring was continued for 10 min at room temper-
ature and 1 h at 65 ◦C. After cooling to room temperature, brine was added and the
mixture was extracted with ethyl acetate. The organic phase was dried (MgSO4)
and the solvent was removed. The crude product was dissolved in AcOH (250 mL)
at 100 ◦C and HCl (40 mL) was added. After stirring the mixture for 1.5 h at
100 ◦C, it was cooled to room temperature and the precipitate was filtered off. The
crude product was crystallized from CHCl3/ethanol to yield 0.80 g (1.20 mmol, 60%
yield) of iso-L4P-sp2 as colorless crystals.
1H-NMR (300 MHz, CD2Cl2) δ [ppm] = 7.93 (s, 4H), 7.80 - 7.74 (m, 6H), 7.28 (td,
J = 7.6, 1.1 Hz, 4H), 7.25 - 7.19 (m, 2H), 6.97 (td, J = 7.5, 1.1 Hz, 4H), 6.94 - 6.87
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(m, 2H), 6.65 - 6.60 (m, 4H), 6.21 - 6.16 (m, 2H), -0.26 (s, 6H).
13C-NMR (75 MHz, CD2Cl2) δ [ppm] = 150.6, 149.2, 141.6, 141.3, 140.5, 140.3,
128.1, 127.9, 127.8, 127.53, 124.3, 122.8, 120.8, 120.3, 119.7, 119.7, 22.4.
6.4.3 Crystal Structure Analysis
The diffraction data were collected on a STOE IPDS 2Θ diffractometer at 100 K.
Crystallographic data are depicted in the crystallographic table. The structures
were solved by direct methods (SHELXS-97)[124] and were refined with the full-
matrix least-squares method on F 2 (SHELX-97 and SHELXL-2013)51. The hydro-
gen atoms were placed at the calculated positions and were refined by using a riding
model. The data, which contain the supplementary crystallographic information,
can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































7 Integration in Hybrid Structures52
In this chapter the application and characterization of LOPPs in HIOS, carried out
in intense collaboration with other groups in the Department of Physics (HU Berlin),
is presented. The most important issue in this context is the exciton transfer from
inorganic QW structures to organic emitters. The QW structure was grown by epi-
taxial methods on a sapphire substrate consisting of a 500 nm thick lower barrier
layer of Zn0.9Mg0.1O, a 3.5 nm ZnO QW, and a 2 nm upper barrier of Zn0.9Mg0.1O
(compare figure 7.1a). Organic layers of LOPPs were deposited by OMBD. As L4P
forms crystals upon vacuum deposition on ZnO, L4P-sp3 was chosen to study en-
ergy transfer from the ZnO QW, since it forms smooth layers. Apart from a slight
red-shift, the absorption spectrum of L4P-sp3 in the solid state is very similar to
that in solution and overlaps well with the room temperature PL of the QW. Re-
garding the steady state PL of the hybrid system at 5 K, a PL excitation spectrum
recorded at the L4P-sp3 emission wavelength does not only display features of the
molecule, but also of the QW PL excitation spectrum, which clearly indicates en-
ergy transfer from the QW to the organic emitter. This was further investigated
by transient PL measurements. The QW alone has a PL decay time constant of
200 ps at 5 K. In the hybrid structure with a layer of L4P-sp3 (figure 7.1), the
time constant was reduced to 56 ps. From that a time constant of 77 ps and an
efficiency of 0.72 can be calculated for the exciton transfer. However, the intensity
of the L4P-sp3 emission was very low. Since this can not be explained by the bulk
properties of L4P-sp3, a loss channel related to the interface was very likely. This
was revealed by UPS measurements to characterize the electronic structure at the
interface. From the UPS data and from the optical absorption of the components, it
Figure 7.1 HIOS consisting of a ZnO quantum well (QW) and L4P-sp3. a) Device
structure, b) energy level diagram, displaying type II energy level alignment.
52The studies presented in this chapter were mainly carried out in the groups of Prof. Fritz
Henneberger and Prof. Norbert Koch (HU Berlin, Institut für Physik) and published in refs. [193–
195].
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Figure 7.2 HIOS consisting of a ZnO QW and a L4P-sp3 - L6P cascade. a)
Device structure, b) energy level diagram with an exciton located in the layer of
L4P-sp3 and competing processes of electron transfer (ET) and resonant energy
transfer (RET).
can be estimated, that the HOMO of L4P-sp3 is situated 1.2 eV above the valence
band maximum (VBM) of ZnO and the LUMO 1.5 eV above the conduction band
minimum (CBM). The type II energy level alignment gives rise to exciton dissocia-
tion at the interface and thus quenches the emission of the organic component. This
process can also be exemplified by PL transients. While the decay time of L4P-sp3
on an inert substrate is 500 ps, it shortens to 95 ps in the hybrid structure.[194]
There are some strategies to suppress the exciton dissociation at the interface. The
most obvious one is, to change the energy levels of the inorganic or the organic
material, or to adjust the energy level alignment by the introduction of a dipole
layer or by an interlayer of strong donors. This will be discussed later. Another way
to suppress exciton dissociation is again to find a desirable process, that is faster
than quenching. Here, a second RET to an emitter with a slightly lower optical gap
is employed, to funnel the excitons away from the interface. This hybrid structure
consists of a similar ZnO QW with a 0.5 nm layer of L4P-sp3 and on top of that
a 3.5 nm layer of 10% L6P blended into L4P-sp3 (figure 7.2). This structure dis-
plays nearly only L6P emission. The transfer time constant between the QW and
the organic layer is 65 ps and the corresponding efficiency 0.77 at 5 K. Furthermore
the decay time of the L6P emission in this structure is 400 ps, which is nearly equal
to the one on an inert substrate. The efficiency of energy transfer from L4P-sp3
is above 0.9, but can not exactly be determined due to the time resolution of the
setup. It is worth to note, that exciton transfer from the inorganic to the organic
part even takes place at room temperature with an efficiency of 0.32. The structure
is still emitting with a higher efficiency than the QW alone.[194]
As stated above, an alternative way to suppress charge separation at the organic-
inorganic interface is to lower the work function of ZnO. By evaporation of [RuCp*Mes]2
on different surfaces of ZnO single crystals, the work function was significantly
shifted. For example from 3.7 eV for ZnO(0001) to 2.2 eV with approximately one
monolayer of the donor. The change in the work function is related to an electron
transfer from the donor, which forms monomeric singly charged [RuCp*Mes]+ ions,
to ZnO. The electron transfer was evidenced by a shift of the Ru 3d5/2 peaks in the
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XPS spectrum towards higher binding energies. The change of the work function
originates from the dipole between the positively charged dopands and the nega-
tively charged ZnO. While for the HIOS with L4P-sp3 directly on ZnO an offset
between the frontier orbital levels and the ZnO bands of 1.1 - 1.2 eV was detected by
UPS measurements, the offset with the interlayer is reduced to roughly 0.1 eV (see
figure 7.3). These hybrid structures have also been characterized by transient PL
spectroscopy. For the case of L4P-sp3 directly on the ZnO/ZnMgO QW an energy
transfer time of 115 ps (efficiency of 0.65) was found. But the lifetime of excited
L4P-sp3 was decreased from 500 ps on an inert substrate to 60 ps in the hybrid
structure. With the donor interlayer the decay time increased to 265 ps again, which
is accompanied by a seven fold increase of the emission intensity.[195]
Figure 7.3 HIOS consisting of a ZnO QW and L4P-sp3. Energy level alignment
a) without and b) with an interlayer of [RuCp*Mes]2.
In another study strong coupling between the 0,0 and 0,1-transition of L4P-sp2
with the cavity mode of a λ/2 cavity consisting of L4P-sp2 dispersed in a poly-
mer matrix and SiOx/ZrOx Bragg reflectors with a reflectivity maximum of 96.9%
was demonstrated. Furthermore, a structure with higher reflectivity (99.8%) and a
longer cavity showed single-mode laser action upon optical pumping.[193]
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8 Conclusion and Outlook
To summarize the outcome of this work, the different challenges presented at the
end of the introduction chapter are addressed again in relation to the results, which
have been described in detail in the previous chapters:
• Appropriate chromophor. By the choice of LOPPs and adjustment of the
oligomer length to n = 4 phenylene units, a structural motif for the organic
emitter was found, that provides narrow and strong optical transitions in the
region of the ZnO emission as well as a high PL quantum yield.
• Site selective functionalization. Site selective functionalization of the non-
equivalent methylene bridges was demonstrated for different substituents. It
was shown, that formally each of the non-equivalent methyl groups in L4P can
subsequently be replaced by spirobifluorene units or by fluorine substituents.
To replace two or four methyl groups, the ketones L4P-O and L4P-O2 are
the key intermediates. It is worth mentioning, that the synthesis of the former
one was achieved by unusual protection of the ketone in the bridging step.
However, to substitute all six methyl groups, a modular route could not be
developed and the derivatives were produced via very specific ways.
• Inertness. The issue of inertness was elaborated far more than initially
planned, since photodegradation turned out to be a serious problem at the be-
ginning of the investigations. Degradation studies on L4P in solution showed
that in CHCl3 or CH2Cl2 relatively rapid aromatic formylation can occur,
in other solvents autocatalytic formation of singlet oxygen was identified as
the main source of degradation. Furthermore, considerations of the optical
properties of the model compounds L4P-O and L4P-O2 revealed, that the
yellow-to-green defect emission in LOPPs can not be explained by the fluo-
renone defect alone.
In degradation studies on 2,7-diphenylfluorenes it turned out, that the photo-
chemistry is very much dependent on the substituent in the methylene bridge,
which concerns both the reaction rates as well as the reaction mechanism and
the final products.
• Energy level alignment. Tuning of the energy levels in the organic part
of HIOS is in principle possible. By introducing fluorine substituents in the
methylene bridges, an overall shift of the frontier orbital energies of about 1 eV
was observed in a series of L4P, L4P-F2, L4P-F4, and L4P-F6. However,
the optical properties of these compounds are not favorable.
• Vacuum processing and layer formation. All derivatives throughout this
work having the term ’L4P’ in the label, have been proven to undergo sublima-
tion without or nearly without degradation. The growth on oxide surfaces can
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be influenced by introduction of spirobifluorene units from crystalline islands
(L4P) to smooth layers (L4P-sp3).
• Spectral overlap. The absorption of L4P and the PL of the ZnO QW
overlap very well. But with every additional spirobifluorene unit, the optical
transitions are shifted to slightly lower energies. To overcome this problem,
an on-purpose synthesis for the ’bent’ iso-L4P was developed.
• Molecular orientation. There are only very preliminary studies about the
structure of different L4Ps on surfaces, which are not discussed here, but a
large number of single crystal X-ray structures was generated. These revealed
surprising deviations from the ideal structure (planar π-system) of the spiro-
L4Ps, as well as polymorphism for different methods of crystallization. For the
fluorinated derivatives some conclusions about the intermolecular interactions
could be made.
According to the preceding list, most of the issues presented in the beginning have
in principle been solved or a better understanding was gained, as for example in the
case of photodegradation. In early stages of this work the focus was mainly on the
optimization of one specific property, for example the optical gap or the absolute
position of the frontier orbital energies. However, it turned out that optimization
of one property may lead undesired effects in the other properties of importance.
For example the introduction of fluorine in the methylene bridge leads to a lowering
of the frontier orbital energies, but the optical properties and the inertness towards
photochemical degradation suffer. On the other hand, by introduction of the spirob-
ifluorene units both inertness and processability were improved. Furthermore the
unwanted red-shift was compensated by the ’bent’ iso-L4P structure.
Some of the derivatives have also successfully been integrated in HIOS to demon-
strate efficient inorganic-to-organic energy transfer and light emission, as well as
strong coupling and laser action. It is now a crucial issue to extend this concept to
electrically pumped quantum wells, which might also consist of other inorganic semi-
conductors. In that case, the knowledge, which was gained here can be utilized for
target-oriented development of organic emitters for the respective materials. Apart
from that, the potential for coupling with ZnO has not yet fully been exploited, as
the last generation of L4Ps (namely iso-L4Ps) have not been employed in hybrid
structures.
In addition, the molecular structures can further be developed. Tuning of the en-
ergy levels without influencing the optical properties is still an interesting topic both
from scientific point of view, as well as towards applications. The optical proper-
ties of the fluorinated L4Ps in the solid state and in solution are currently under
investigation by means of time resolved PL and quantum chemical calculations. In-
sight from this analysis may lead to improved molecular design. In another attempt
L4P-structures are being developed, that carry the acceptor groups in a different
symmetry (see structure 3 in figure 8.1). The introduction of trifluoromethyl groups
into aromatic positions of L4P without the creation of a dipole over the molecule
might lead to a reduction of the frontier orbital energies while conserving the op-
tical properties. The synthesis of structures that are as electron deficient leads to
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normally unexpected side reactions or in some cases to very low reactivity, however
diketone 1 could be synthesized and can among others be reacted to 3. Unfortu-
nately the product mixture could not yet be separated to analyze the final product.
Another project is the covalent linkage of L4Ps on oxide surfaces, for example by
carboxylic or phosphonic acids (labeled as AG in 4), to control the orientation of
the molecules with respect to the surface or to create stable thin films. To keep
the synthetic routes versatile, a modular approach was chosen. The surface-binding
group should be connected to the core of the molecule via an alkyl spacer of variable
length, which is connected to a binding site at the molecule. A (phenolic) alcohol
was chosen as binding site, which can be reacted in an ether synthesis and which is
protected as methyl ether through the synthesis of the core. These groups can either
be connected to the ends of the p-phenylene (4 in figure 8.1) or to the spirobifluorene
units synthesized from a keto-L4P and an appropriate bisphenol derivative.
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